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 ABSTRACT 
The common theme that binds together all the chapters in this dissertation is anti-
biofouling chemistry.  By utilizing tools of surface engineering and molecular inhibition, 
a hypothesis driven, systematic approach of controlling the different forms of biofoulings 
such as protein adsorption, mammalian cell adhesion and biofilm formation is presented. 
Chapter 1 provides a brief introduction about topics relevant for understanding the studies 
presented in subsequent chapters. Chapter 2 reports the synthesis of enantiomerically 
pure alkanethiols that terminate with different stereoisomer’s of sugar alcohols, and the 
effect of chirality of these polyol-terminated self-assembled monolayers (SAMs) on 
resisting protein adsorption.  
Chapter 3 and 4 presents the results on confining adhered mammalian cell (Swiss 3T3 
albino fibroblasts) and bacterial (Escherichia coli) biofilm respectively, within 
micrometer sized cell adhesive patterns of  methyl-terminated SAMs, surrounded by 
bioinert chiral polyol-terminated SAMs. Interestingly, SAMs presenting racemic mixture 
of enantiomeric alkanethiols were found to confine the adhered mammalian cells or 
biofilm within the micrometer-sized patterns longer than the SAMs presenting either 
enantiomer.  
Chapter 5 presents the synthesis of chiral polyol-terminated alkanephosphonic acids to 
form SAMs on surface of native metal oxides, particularly TiO2 and Fe3O4, for evaluating 
the ability of these alkanephosphonate SAMs on TiO2 to resist the adhesion of 
mammalian cells (Swiss 3T3 albino fibroblasts) and on Fe3O4 to solubilize Fe3O4 
(magnetite) nanoparticles in aqueous media. 
 Another approach of controlling biofouling due to biofilm formation is to develop 
inhibitors for a class of organic molecules called autoinducers secreted by bacteria, which 
are responsible for regulating bacterial group behavior such as biofilm formation. Chapter 
6 reports the synthesis of derivatives of a class of molecules called brominated furanones, 
which are known to inhibit biofilm formation in E. coli. Chapter 7 reports the synthesis of 
novel squarate based molecules named squarylated homoserine lactones (SHLs), which 
are structural mimics of the bacterial autoinducer molecules called acylated homoserine 
lactones (AHLs). The synthesized brominated furanone derivatives and SHLs were found 
to be non-toxic to E. coli and were able to inhibit the biofilm formation by the bacterium. 
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Chapter 1 
Chemistry and Surface Engineering using Self-Assembled Monolayers 
for Contolling Biofouling – Integration of different knowledge for an 
interdisciplinary problem 
 
1.1 Overview 
Biofouling due to protein adsorption,
1-2
 mammalian cell adhesion
3-4
 and biofilm 
formation,
5-6
 poses a daunting problem for both industry and biomedical research. 
Biocompatibility is one of the most desirable characteristic of biomaterials. Often the 
performance of a biomaterial, prosthesis, or medical device is compromised due to 
biofoulings such as protein adsorption, mammalian cell adhesion and biofilm formation. 
One approach for controlling biofouling is to engineer surfaces that can resist the various 
biofouling processes.
1
 The other approach is to develop structural mimics for a class of 
organic molecules called autoinducers secreted by bacteria, which regulate the population 
(quorum) sensing of bacteria.
7
 These mimics can inhibit certain bacterial group behavior 
such as biofilm formation.
8
  
Protein Adsorption and Mammalian Cell Adhesion 
The surfaces of metals or metal oxides spontaneously adsorb adventitious material 
because the adsorbed materials decrease the free energy of the interface between the 
surface and the surrounding environment.
9
 Hence, proteins also have a tendency to 
adsorb onto essentially any natural or non-natural surface. Biologically active proteins 
remain folded in their native conformations with their hydrophobic residues buried inside 
2 
 
 
and hydrophilic residues exposed.
10-11
 Solvation is essential for maintaining the native 
conformation of the protein. When protein is exposed to a hydrophobic surface, it gets 
desolvated and denatures to facilitate hydrophobic interaction with the surface. Protein 
adsorption on a surface is a complicated multistep process.
 
It involves among other 
processes a) reversible adsorption of the native protein, b) partial denaturation or 
orientation change, c) desorption of the partially denatured protein from the surface or d) 
complete denaturation and immobilization on the surface.
12
 The process of protein 
adsorption on a surface is a function of solution conditions such as pH, ionic strength, co-
solute concentration, temperature and the surface charge density of the protein or the 
surface can also vary with pH or ionic strength. It is believed that proteins have the 
highest tendency to adsorb onto surfaces at their isoelectric point
13
 and that this tendency 
decreases with increasing ionic strength of the solution. Furthermore, electrostatics alone 
cannot speculate if a positively charged protein (protein below its isoelectric point) can 
adsorb onto a negatively charged surface or cannot adsorb onto a positively charged 
surface, since pH or ionic strength can alter the surface charge density and screen the 
surface charges on both the protein and the surface.  
The native structure of a protein is partially lost when it adsorbs on to almost any 
surface. Apart from implantable prosthesis or medical devices, non-specific protein 
adsorption is a major challenge for developing multi-array protein assays requiring 
proper orientation and non-denatured protein structure in a small area.
14-15
 Such arrays 
allow parallel read-out of information concerning protein function. Similar arrays are also 
being developed for peptides,
16
 cells and tissues.
17
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Non-specific adsorption of serum proteins is one of the first events for the 
identification of an implanted biomaterial by the immune cells.
4
 It is imperative to 
present such chemistry on the surface of a biomaterial that can minimize the level of 
protein adsorption and prevent adhesion of immune cells on the implant, which causes 
implant rejection or life threatening infections. 
Biofilm formation 
Biofilms are surface attached multicellular communities of bacteria and other 
microorganisms, found encased in a sticky polysaccharide matrix called extracellular 
polymeric substance (EPS).
5
 The EPS is comprised of nucleic acids, proteins and 
polysaccharides. The EPS allows the initial attachment of the bacteria to different 
surfaces and protects the bacteria from environmental stress and dehydration. The 
composition and quantity of EPS varies depending upon the type of microorganism, age 
of the biofilm and the environmental conditions under which the biofilm exists, such as 
varying amounts of nutrients, humidity, temperature and pH.
18
 The fact that biofilms can 
exists under a variety of environmental conditions, suggests that microorganisms are 
capable of responding to changes in their environment and control the composition of the 
EPS and adhesive abilities depending on the surface on which they attach. The attached 
bacterial cells in a biofilm express genes in a pattern, which is very different from their 
planktonic counterparts.
19
 For example, biofilm bacteria unlike planktonic bacteria lack 
flagella or pilli needed for motility.
20
 Biofilms are highly differentiated structure and 
have open water channels to allow exchange of nutrients.
21-22
 Biofilms can form on both 
living and non-living surfaces and occur most commonly in natural, industrial and 
hospital settings.
23
 Biofilms cause serious problems for public health
6, 24
 and various 
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industries.
25
 In an industrial setting, biofilms cause corrosion, product contamination, 
blockage in water pipelines or mechanical blockage of machine parts.
25
 Biofilm 
formation is a complex process and is associated with five stages, which begins with 
attachment of the planktonic bacterial cells on the surface, microcolony formation, 
secretion of polysaccharides, maturation of the biofilm and eventual dispersal of the 
bacterial cells from the biofilm (Figure 1.1).
18
 In a clinical setting, biofilms are a leading 
cause of infections associated with medical devices and implants, sutures and exit sites.
23, 
26
 For example, P. aeruginosa and Gram-positive cocci is associated with infected 
contact lenses; E. coli and other Gram-negative rods are associated with urinary catheter 
cystitis and S. aureus and S. epidermis are associated with infected mechanical heart 
valves.
6
 
 
Figure 1.1 The five stages of biofilm formation on surfaces 
Self-Assembled Monolayers (SAMs) as Model Substrates for Studying Biofouling 
Self-assembled monolayers (SAMs) on gold films,
1, 27-29
 that have well-defined and 
ordered structures at both molecular
 
and topographical-level,
30-31
 have provided a 
platform to deconvolute such a complex problem of biofouling. The present chapter 
primarily focuses on self-assembled monolayers (SAMs) of alkanethiols on gold (Au) 
and provides an introduction on SAMs as an interface for studying various chemical and 
biological processes. This chapter will discuss topics relevant for the reader, to 
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understand the studies presented in the forthcoming chapters, including methods for 
preparing substrates for SAMs, nature of the gold (Au)-alkanethiolate bond and structure 
of alkanethiolate SAMs on gold (Au). We will discuss oblique angle deposition as a 
means of introducing structural anisotropy in gold films,
32-33
 since obliquely deposited 
gold films will be used as substrates for forming alkanethiolate SAMs for the studies 
presented in the forthcoming chapters. We will discuss surface plasmon resonance (SPR) 
as a method to study adsorption of proteins on the surface of gold. We will also introduce 
microcontact printing as a means for forming patterned SAMs of n-alkanethiol 
(pentadecanethiol) on the surface of gold. Such patterned substrates will be used to study 
how cell-resistant bioinert SAMs can confine adhered mammalian cells and bacterial 
biofilm within cell-adhesive micrometer sized patterns formed by the pentadecanethiol 
SAMs. Eventually, we will shift focus away from surface engineering and explore the use 
of designed organic molecules to control biofouling via molecular inhibition. The 
common theme that binds together all the chapters in this thesis is anti-biofouling 
chemistry.  We utilize tools of surface engineering and molecular inhibition and describe 
a hypothesis driven, systematic approach for controlling the different forms of biofouling. 
Hence, a brief introduction about topics relevant for understanding the studies presented 
in subsequent chapters is desirable.   
1.2 Self-Assembled Monolayers (SAMs) 
Metal or metal oxide thin films and nanoparticles have wide applications in materials 
science and biomedical engineering. The surfaces coated with adventitious materials lack 
defined structure, reproducible properties or functions and hence do not have any 
practical applications in the field of material science and nanotechnology. Adsorption of 
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adventitious materials alters the interfacial properties of the surfaces of metal or metal 
oxide thin films and nanoparticles, without any definite control over their function. Self-
assembled monolayers (SAMs) are a convenient system for tailoring the properties of 
surfaces of metals and metal oxides. SAMs are crystalline or semi-crystalline assemblies 
formed by spontaneous adsorption of molecular components from solution or gas phase 
onto surfaces of solids and liquids. The molecules, which form SAMs, have a 
“headgroup” which have specific affinity for the underlying substrate. For example, 
thiols, can be bound to the surfaces of copper,
34
 silver,
34-35
 gold,
36-39
 mercury,
40
 
platinum
41
 and palladium
42-43
 and phosphonic acid can be bound to native oxide surfaces 
of metals or alloys such as  iron,
44
 steel,
45
 aluminum,
45-46
 copper,
45
 zirconium,
46
 
titanium
46-47
 and even mica.
48
  
1.3 Substrates for Supporting Self-Assembled Monolayers (SAMs) 
“Substrate” is the surface on which SAMs form. SAMs can either form on metal or 
metal oxide thin films supported on glass or silicon slabs or on surface of nanoparticles, 
nanocolloids and nanocrystals. The type of substrate used for forming SAMs depends 
firstly on the “headgroup” of the SAM and secondly on the intended application of the 
SAM. In case of biological assays involving mammalian or bacterial cells, it is preferable 
to use metals or metal oxides, which are nontoxic to the cells. Glass slides supporting 
semitransparent polycrystalline gold films are commonly used as model substrates for 
studying tissue-biomaterial interactions.
49
 A thin film of primer or adhesive layer of 
titanium or chromium (1-5 nm) is deposited first on the glass slides, to improve the 
adhesion of metals such as gold that do not bind strongly to the surface of native oxides 
such as silicon dioxide or glass.
39
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The substrates for forming SAMs are prepared by physical vapor deposition (PVD) 
methods such as thermal or electron beam (e-beam) evaporation, electrodeposition and 
electroless deposition. Metal thin films deposited on glass or silicon are composed of 
contiguous islands or grains of metal of varying sizes (~10 to 1000 nm) and tend to have 
a dominant (111) texture.
34, 43, 50
 The films are polycrystalline and the morphology of the 
grains is determined by the method of deposition.
51-52
 Since small grain size minimizes 
the roughness in the edges of the grains, metal thins films with small grain sizes are 
desirable for a number of applications such as microcontact printing and etching.
39
 The 
composition of the thin films determines the morphology of the grains. Metals with 
higher melting point such as palladium (1552 °C) and platinum (1772 °C) tend to have 
small grain sizes (~15-30 nm) but metals with lower melting point such as gold (1064 °C) 
tend to have larger grain sizes (~45-60 nm).
43
  
1.4 Nature of the Gold (Au)-Alkanethiolate Bond 
Although SAMs of alkanethiols on gold have been studied extensively, the nature of 
the metal-thiol bond and the arrangement of the sulfur groups on the underlying gold 
substrate are not well understood. Studies conducted by Dubois et al. in ultra high 
vacuum (UHV) suggests that there is significant degree of charge transfer to sulfur in 
thiolates during SAM formation.
53-54
 The adsorption of dimethyl disulfide on Au (111) 
was found to occur dessociatively and the desorption of the disulfide was found to be an 
activated process, with an energy barrier close to 30 kcal/mol.
53
 Studies conducted in 
solution phase have yielded values of activation energy which are lower (~20-25 
kcal/mol),
55-56
 and sometimes significantly lower (~15 kcal/mol) than values of activation 
energy obtained from studies in UHV.
57
 Since UHV measurements do not have 
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interference from factors such as heats of solution of the adsorbates and heats of 
immersion of substrates (common in solution phase studies), homolytic Au-S bond 
strength is believed to be of the order of ca.-50 kcal/mol.
39
 Formation of alkanethiolate 
likely proceeds by oxidative addition of an alkanethiol on gold, but what happens to the 
hydrogen of the thiol, is still intriguing.
58-60
 While in vacuum, hydrogen may be lost as 
dihydrogen (H2) from a thiol by reductive elimination; in solution, the liberated H2 may 
oxidize to form water by dissolved molecular oxygen.
39
 The formation of alkanethiolates 
on gold (Au) by dialkyl disulfides (equation 1) or alkanethiols (equation 2) can be 
described using the equations in Scheme 1.1. 
Scheme 1.1 
 
1.5 Structure of Self-Assembled Monolayers of Alkanethiolates on Gold (Au) 
The SAMs of alkanethiolates on gold are pseudo crystalline assemblies, with the alkane 
chains having an extended all-trans conformation. An additional parameter, which is the 
tilt angle (α), describes the orientation of the alkane chains with respect to the surface 
normal. The tilt angle (α) is the angle, which the long axis of the fully extended, all-trans 
alkane chain makes with the surface normal (Figure 1.2A). The tilt angle (α) can be either 
negative (-α) or positive (+α) with respect to the surface normal. In case of 
alkanethiolates, α is positive and close to 30° (Figure 1.2B).39 The formation of 
alkanethiolate SAMs on gold is a stepwise process, which begins with the initial 
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physisorption of the alkanethiols on gold followed by chemisorption or the gold-
alkanethiol bond formation and finally the secondary reorganization giving an ordered 
SAM structure. 
 
Figure 1.2 Schematic representation of (A) all-trans conformation of long chain 
alkanethiolates on the surface of gold, with tilt angle (α). (B) Tilt angle α ~30° in case of  
alkanethiolates on gold. 
1.6 Introducing Structural Anisotropy in Gold (Au) Films 
Gold films deposited without any preferred direction, lack structural anisotropy and are 
referred to as uniformly deposited films.
61-62
 Uniformly deposited gold films are prepared 
by depositing the gold on substrates which are mounted on a planetary which makes the 
substrates rotate in an epicyclical motion about the vertical axis of the evaporator. The 
epicyclical motion is associated with a constantly varying polar angle (θ) and azimuthal 
angle (φ) (Figure 1.3 A).  Due to the epicyclical motion of the substrates, deposition 
occurs without any preferred direction (Figure 1.3 B). Oblique angle deposition can 
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introduce structural anisotropy in gold films.
32-33
 During oblique angle deposition the 
substrates are held stationary during the deposition and the metal vapors deposit at a 
measured and fixed angle (40°-60°) from the surface normal of the substrates (Figure 1.3 
C).  
 
 
Figure 1.3 (A) A spherical coordinate system depicting the distance from the origin (r), 
polar angle (θ) and azimuthal angle (φ), for a point in space with the coordinates (r, θ, φ). 
(B) Schematic representation showing the variation of the polar angle (θ) and azimuthal 
angle (φ) during uniform deposition. The cone in the figure constitutes the set of all 
vectors representing the direction of incidence of the gold atoms.   (C) Schematic 
representation showing the variation of the polar angle (θ), with fixed azimuthal angle 
(φ), during oblique deposition.  
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1.7 Uniform Alignment of Liquid Crystals on Anisotropic Gold (Au) Films 
Abbott and co-workers showed that such obliquely deposited gold films are anisotropic 
and have a corrugated tin roof-like structure (Figure 1.4A). The corrugations have 
amplitude of 1-2 nm and wavelength ranging from 5-50 nm.
32-33
 Abbott and co-workers 
discovered that the obliquely deposited anisotropic gold films could uniformly align 
liquid crystals, while preferred orientation of liquid crystals was not observed on 
uniformly deposited gold films.
33
 The nematic liquid crystal formed by 4,4’-pentyl-
cyanobiphenyl (5CB) (Figure 1.4) can have two preferred orientation on anisotropic gold 
films, one is azimuthal orientation, where the liquid crystal aligns parallel to the plane of 
the substrate and other is polar orientation, where the liquid crystal aligns perpendicular 
to the plane of the gold film.   Abbott and co-workers discovered that liquid crystal 
formed 5CB has a preferred orientation on anisotropic gold films, where the azimuthal 
orientation of liquid crystal is perpendicular to corrugations on the surface of anisotropic 
gold films (Figure 1.4B).
61, 63
 When the anisotropic gold films support SAMs of 
alkanethiols, the azimuthal orientations of the liquid crystal formed by 5CB was found to 
depend on the number of carbon atoms in the alkanethiols. While alkanethiols with odd 
number of carbons oriented the liquid crystal perpendicular to the corrugations, 
alkanethiols with even number of carbons oriented the liquid crystal parallel to the 
corrugations.
32, 61, 64-66
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Figure 1.4 Schematic illustrations of the structure of anisotropic gold films deposited by 
oblique angle deposition with a corrugated tin roof-like structure (A), uniform alignment 
of 5CB on anisotropic gold film, where the azimuthal orientation of the liquid crystal is 
perpendicular to the corrugations on the surface of the gold film. 
1.8 Measuring Protein Adsorption on Surface of Gold (Au) Using Surface Plasmon 
Resonance (SPR) 
Surface plasmon resonance (SPR) is a widely used technique, to quantify the amount of 
protein adsorbed on the surface of gold films.
27, 67-69
 SPR allows in situ measurement of 
protein adsorption in real-time and is more useful than ex situ techniques such as 
ellipsometry,
70
 which require rinsing and drying of the substrates that might cause 
desorption of weakly adsorbed proteins. The gold films can support SAMs of 
alkanethiols and hence SPR is compatible with studying non-specific and specific 
adsorption of proteins on SAMs. Surface plasmons are surface electromagnetic waves, 
which propagate in a direction parallel to the metal-dielectric interface. Since the surface 
plasmon waves are at the interface between the metal and the external medium, these 
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waves are very sensitive to processes occurring at such an interface such as adsorption of 
molecules or biomolecules on the metal surface. In order to excite the surface plasmons 
one can use a light beam (visible or infrared). The incident light should be plane 
polarized where the electric field vector of the incident light oscillates in a plane parallel 
to the plane of incidence of the light.  Resonance occurs when at a given wavelength (λ) 
and angle of incidence (θ) of the incident light, a decrease in the intensity of the reflected 
light is observed. The angle of minimum reflectivity (θm) is the angle at which the 
reflected light has the minimum intensity (Figure 1.5A). The angle of minimum 
reflectivity (θm) is sensitive to the refractive index of the gold-solution interface. Protein 
adsorption at the gold-solution interface changes the refractive index of the interface, 
causing a change in the angle of minimum reflectivity (θm). While some SPR instruments 
measure the change in the angle of minimum reflectivity (Δθm)
67
 (Figure 1.5B), others 
measure the change in reflectivity (ΔR), to estimate amount of adsorbed biomolecules 
(proteins).
68-69
  
14 
 
 
 
Figure 1.5 (A) Schematic diagram showing the setup of the SPR experiment, for 
measuring adsorption of proteins on self-assembled monolayers (SAMs) of alkanethiolate 
on gold. Plane polarized light is incident on the sample at an angle of incidence (θm), 
which is associated with a decrease in the intensity of the reflected light. The angle of 
incidence θm is referred to as the angle of minimum reflectivity and is a function of the 
refractive index of the gold-solution interface. The adsorption of proteins at the interface 
will cause a change in the refractive index of the interface and hence a change in the 
angle of minimum reflectivity. Adsorption of proteins causes a change in the angle of 
minimum reflectivity (Δθ = θm - θm°), which is measured by the SPR instrument. (B) A 
typical sample trace from an SPR experiment which plots the change in the angle of 
minimum reflectivity (Δθ = θm - θm°) versus time. Buffer is flowed in first followed by 
the protein solution, which is then replaced by the buffer again. The amount of protein 
adsorption is estimated from the difference in the Δθ values after and before exposing the 
SAMs to the protein solution. Figure adapted and modified from the work by Mrksich 
and co-workers.
67
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1.9 Confining Adhered Mammalian Cell and Biofilm on Patterned Self-Assembled 
Monolayers on Gold (Au) 
Microcontact printing is a soft-lithographic technique for printing micrometer sized 
patterns of alkanethiols on gold.
71
 The process of microcontact printing is very similar to 
the process of stamping ink patterns on piece of paper, the difference being that the “ink” 
in case of microcontact printing, is able to chemically bond with the underlying substrate 
and form SAMs. If needed, the patterned substrate can then be soaked in a solution of a 
second alkanethiol, to form a different SAM on the bare regions of the gold. The stamp 
used for microcontact printing is made of polydimethylsiloxane (PDMS). PDMS is the 
choice material for stamps used in microcontact printing because PDMS is an elastomeric 
material with low surface energy and hence can transfer patterns with efficiency and high 
fidelity.
72-73
 The elastomeric nature of the PDMS stamp allows conformal contact 
between the stamp and the underlying substrate and is useful for molecular scale printing 
of SAMs. For microconatct printing, the PDMS stamp is wetted with a solution of n-
alkanethiol (2 mM) in ethanol and dried under a stream of nitrogen gas, placed on the 
substrate to allow conformal contact for about 20 seconds and then removed carefully. 
The substrate is then rinsed profusely with ethanol, dried under a stream of nitrogen gas 
and then if needed, soaked in a solution of a second alkanethiol (Figure 1.6).
71
 These 
substrates can allow the patterning of mammalian cell adhesion or biofilm formation 
when the SAMs formed by the second alkanethiol for example oligo(ethylene glycol)-
terminated alkanethiol, are resistant to either mammalian cell adhesion
29, 31, 74
 or bacterial 
biofilm formation.
75-76
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Figure 1.6 Schematic diagram showing the various steps involved in microcontact 
printing self-assembled monolayers (SAMs) of n-alkanethiols on gold. 
1.10 Enhancing the Bioinertness of Bioinert Self-Assembled Monolayers on 
Anisotropic Gold (Au) Films 
Mammalian cell adhesion on a surface is initiated by selective binding of the cell 
surface receptor integrin and the tripeptide Arg-Gly-Asp (RGD) presented by extra 
cellular matrix (ECM) proteins fibronectin and vitronectin,
77
 which is the key event for 
initiating vital cell activities.
78
 Since protein adsorption is a prerequisite for mammalian 
cell adhesion, a surface that can resist the adsorption of proteins, can in principle resist 
the adhesion of mammalian cells. Self-assembled monolayers (SAMs) presenting 
tri(ethylene glycol) (EG3OH) or hexa(ethylene glycol) (EG6OH) on gold are known to 
resist the adsorption of proteins, adhesion of mammalian cells, biofilm formation and are 
termed bioinert SAMs.
27-29, 75-76, 79
 The topography of the gold films is also reported to 
influence the bioinert properties of EG3OH SAMs.  Luk and co-workers recently showed 
that EG3OH SAMs on gold films deposited at a higher oblique angle (θL), are more 
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resistant to mammalian cell adhesion than EG3OH SAMs on gold films deposited at a 
smaller oblique angle (θS) (Figure 1.7 B).
31
 In this work, a gradient nanotopography was 
prepared by depositing gold on glass substrates at a fixed azimuthal direction but 
constantly varying polar angle (gradient gold). The regions of the gold slides deposited at 
a higher polar angle were associated with higher topography than the regions of the gold 
slide deposited at lower polar angles. Cell-adhesive patterned SAMs of 1-
pentadecanethiol (HS(CH2)14CH3), surrounded by cell-resistant SAMs of 
HS(CH2)12(OCH2CH2)3OH (Figure 1.7 A and B) were formed on the deposited gold film 
and the adhesion of Swiss 3T3 albino fibroblast was studied along the topographic 
gradient. Once the cells proliferated within the cell-adhesive patterns and became 
confluent, the higher topography regions confined the adhered mammalian cells within 
the cell adhesive micropatterns for 25 days, which was 4 times longer than observed on 
planar gold films. 
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Figure 1.7 (A) Patterned SAMs of pentadecanethiol surrounded tri(ethylene glycol)-
terminated alkanethiol SAMs on gold. (B) Optical micrographs showing that the 
mammalian cells (Swiss 3T3 albino fibroblast) are confined within the cell-adhesive 
microcontact printed patterns of pentadecanethiol SAMs, surrounded by cell-resistant 
tri(ethylene glycol)-terminated SAMs on gradient gold films. Adhered mammalian cells 
remained confined within the cell-adhesive micropatterns for a longer time in regions of 
the gold substrate deposited at large oblique angles (θL) than at small oblique angles (θS). 
Figure adapted and modified from the work by Luk and co-workers.
31
 
Mrksich and co-workers have demonstrated that a polyol-terminated monolayer, in 
which the polyol has a stereochemistry of D-mannitol is comparable to tri(ethylene 
glycol)-terminated monolayer in its ability to resist protein adsorption.  Interestingly, D-
mannitol-terminated monolayers could confine mammalian cell adhesion significantly 
longer than tri(ethylene glycol)-terminated monolayers.
74
 The D-mannitol-terminated 
monolayers have also been demonstrated to resist formation of bacterial biofilms 
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significantly longer than tri(ethylene glycol)-terminated monolayers.
76
 Although protein 
adsorption does not strictly correlate with both mammalian cell adhesion or biofilm 
formation,
80-83
 a surface demonstrating long term resistance to both mammalian cell 
adhesion and biofilm formation is on a gross scale resistant to protein adsorption.
68
 
Enantiomeric surfaces have been demonstrated to show different level of mammalian cell 
adhesion.
84-85
 The polyol-terminated monolayers can be used to tailor surfaces with rich 
stereochemistry but there is no study to correlate the stereochemistry of the surface with 
the effectiveness of resisting different forms of biofouling such as protein adsorption,
2, 79
 
mammalian cell adhesion
4, 86
 and biofilm formation.
6
  
In the next three chapters, we provide a detailed study of how the stereochemistry of 
the surface influences the bioinertness of the surface to prevent protein adsorption 
(Chapter 2), mammalian cell adhesion (Chapter 3) and biofilm formation (Chapter 4).  
Chapter 2 reports the synthesis of enantiomerically pure alkanethiols that terminate in 
different stereoisomers of sugar alcohols, and the effect of chirality of these polyol-
terminated self-assembled monolayers (SAMs) on resisting the adsorption of proteins 
such as bovine serum albumin (BSA), lysozyme and fibrinogen which is one of the 
stickiest proteins known. Self-assembled monolayers (SAMs) presenting a “racemic” 
mixture of the chiral polyol-terminated alkanethiols were found to be more resistant to 
protein adsorption than SAMs formed by the enantiomers alone. Note that the mixtures 
called "racemic" in this dissertation mean "nearly equimolar scalemic mixtures," as they 
are prepared by mixing the two pure enantiomers. A truly racemic mixture, as from a 
synthesis that produces both enantiomers, would have almost exactly equimolar amounts 
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of each enantiomer. Physical mixing can typically produce a mixture that is equimolar 
within 1-2%. 
Chapter 3 and 4 presents the results on confining adhered mammalian cell (Swiss 3T3 
albino fibroblasts) and bacterial (Escherichia coli) biofilm, respectively, within 
micrometer sized cell adhesive patterns of  methyl-terminated SAMs, surrounded by 
bioinert chiral polyol-terminated SAMs. Interestingly, SAMs presenting a racemic 
mixture of enantiomeric alkanethiols were found to confine adhered mammalian cells or 
biofilm within the micrometer sized patterns longer than the SAMs presenting either 
enantiomer. Hence, a racemic enhancement in the bioinertness of these polyol SAMs was 
observed towards resisting protein adsorption, mammalian cell adhesion and biofilm 
formation. In addition to the racemic enhancement in bioinertness of these chiral polyol 
SAMs, enantiomeric and diasteriomeric polyol SAMs exhibited different ability to resist 
the adhesion of mammalian cells. 
Chapter 5 presents the synthesis of chiral polyol-terminated alkanephosphonic acids to 
form SAMs on surface of native metal oxides, particularly TiO2 and Fe3O4, for evaluating 
the ability of these alkanephosphonate SAMs on TiO2 to resist the adhesion of 
mammalian cells (Swiss 3T3 albino fibroblasts) and on Fe3O4 to solubilize Fe3O4 
(magnetite) nanoparticles in aqueous media. 
Another approach of controlling biofouling due to biofilm formation is to develop 
inhibitors for a class of organic molecules called autoinducers secreted by bacteria, which 
are responsible for regulating bacterial group behavior such as biofilm formation. Chapter 
6 reports the synthesis of derivatives of a class of molecules called brominated furanones, 
which are known to inhibit biofilm formation in E. coli. These brominated furanone 
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compounds are considered structural mimics of two classes of signaling molecules which 
are associated with quorum sensing in gram-negative bacteria such as E. coli. Among the 
two kinds of signaling molecules, one class of signaling molecules are referred to as 
autoinducer-1 (AI-1) or acylated homoserine lactones (AHLs) and the other class of 
signaling molecules are referred to as autoinducer-2 (AI-2) or borate complexes or 
derivatives of 4,5-dihydroxy-2,3-pentanedione.
8, 87
 Chapter 7 reports the synthesis of a 
new library of novel squarate based molecules named squarylated homoserine lactones 
(SHLs),
88
 which are structural mimics of the bacterial autoinducer molecules called 
AHLs. The synthesized brominated furanones and SHLs were found to be non-toxic to E. 
coli and were able to inhibit the biofilm formation by the bacterium.  
The last chapter (Chapter 8) provides a brief literature survey and summarizes the 
results presented in this dissertation together with future work. 
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Chapter 2 
Stereochemical effects and Enhancement of Resisting Biofouling Due to 
Protein Adsorption on Chiral Monolayers
*
 
 
Summary 
Self-assembled monolayers (SAMs) of alkanethiols on gold, presenting the sugar alcohol 
D-mannitol, have been reported to be more resistant to the different biofouling processes 
such as mammalian cell adhesion and biofilm formation, than SAMs presenting 
tri(ethylene glycol) (EG3OH). While such sugar alcohols possess a rich stereochemistry, 
there is no study on the correlation between the chirality of the surface chemistry and the 
effectiveness of resisting biofouling. Here, the synthesis of enantiomerically pure 
alkanethiols that terminate with different stereoisomer’s of sugar alcohols, and the effect 
of chirality of these polyol-terminated SAMs on resisting protein adsorption is reported. 
Interestingly, while both enantiomers of gulitol- and mannonamide-terminated monolayer 
resisted adsorption of proteins (bovine serum albumin, lysozyme and fibrinogen), the 
monolayers formed by the racemic mixture of either pair of enantiomers exhibited 
stronger antifouling chemistry against protein adsorption than monolayers formed by one 
enantiomer alone. These results are consistent with a kosmotrope theory, which suggests 
                                                 
*
 Reproduced in part with permission from Anti-Fouling Chemistry of Chiral 
Monolayers: Enhancing Biofilm Resistance on Racemic Surface Debjyoti 
Bandyopadhyay, Deepali Prashar and Yan-Yeung Luk* Langmuir, 2011, 27 (10), 6124–
6131. Copyright 2011 American Chemical Society. Verbatim text in Arial font size 10 
and identical figures are indicated in the legend. 
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that molecules that can stabilize native protein folding can also resist protein adsorption 
and other biofoulings.
2.1 Background and Significance 
2.1.1 Strategies and theories for controlling biofouling  
Adhesive interactions between a surface and biological entities, including proteins, 
mammalian cells and bacteria govern the fundamental science of biofouling. It is intriguing 
that all these processes including protein adsorption, mammalian cell adhesion (under conditions 
that permit proliferation), bacteria attachment and biofilm formation occur ubiquitously on many 
surfaces. To understand and control these biofoulings, self-assembled monolayers (SAMs) on 
gold films
1, 27-29
 that have well-defined and ordered structures at both molecular
 
and 
topographical-level
30-31
 have provided a platform to deconvolute such a complex problem. While 
protein adsorption seems to be the most basic element of biofouling, the surface chemistry of 
resisting protein adsorption does not strictly correlate with the effectiveness to resist bacteria 
attachment and mammalian cell adhesion.
80-83
 Nevertheless, the starting point for developing an 
anti-fouling chemistry often begins with a protein-resistant surface.  
During the 90’s, Whitesides and co-workers at Harvard discovered that self-assembled 
monolayers (SAMs) presenting oligo(ethylene glycol) (OEG) on gold, are resistant to 
protein adsorption.
28, 70
 A number of theories have been put forth to explain the resistance 
of bioinert SAMs towards protein adsorption.
74, 89-97
 While these surface chemistries 
exhibit different degree of bio-inertness, there is no single chemistry that broadly resists 
all biofouling processes.
80, 83
 Among these knowledge and surface chemistries, a recurring 
class of functional groups that are resistant to protein adsorption and cell adhesion are sugars 
and sugar derivatives.
95,74,76 One claim that bioinert SAMs should only possess hydrogen 
bond acceptors and not donors
94
 (example: OEG) was refuted when Mrksich and co-
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workers showed that SAMs presenting D-mannitol (a sugar alcohol possessing multiple 
hydroxyl groups), was more resistant to mammalian cell adhesion than SAMs presenting 
tri(ethylene glycol) (EG3OH).
74
 It was recently shown by Ren and co-workers that SAMs 
presenting D-mannitol were more resistant to biofilm formation than SAMs presenting 
EG3OH.
76
  
2.1.2 The “kosmotrope theory”- a new basis for bioinert surfaces 
Surveying among many hypothesis for bio-inert chemistries,
74, 89-97 the notion that organic 
molecules that can stabilize protein structure can also prevent biofouling when 
immobilized on surface is particularly appealing.
74, 92, 96
 However, the mechanism for how 
certain additives stabilize protein folding whereas others destabilize folding is a still difficult 
subject of intense studies.
98
 For example, the Hofmeister series
99 (Figure 2.1) provides two 
empirical collections of ions that either stabilize or destabilize protein folding, termed kosmotropes 
and chaotropes, respectively.  
 
SO4
2-
 > F
-
 > Cl
-
 > NO3
-
 > Br
-
 > I
-
 > ClO4
- 
> SCN
-
 
Figure 2.1 The ions at the right end of the series are called chaotropes and act to salt 
proteins into solution, while the ions on the left are called kosmotropes and act to salt 
proteins out of solution.  
 While the old studies suggested that the effect of kosmotropic ions on protein stability is due to 
long-range effects mediated by water solvation, recent studies show that such effects were more 
likely to involve direct interactions of the ions with the proteins.
100-103
 However, kosmotropic 
organic osmolytes are believed to stabilize protein structure by exerting a long range effect on 
solvent water.
98
 Two well-known phenomena further support this phenomenon of long-range 
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solvation by water. First, it is a known fact that polyols such as glycerol and sucrose stabilize 
protein structure.
104-106
 Second, sucrose can easily form aqueous-based density gradients which 
do not “dissolve” into a homogenous solution, suggesting that the water molecules between the 
sucrose molecules have different dynamics along the density gradient.
107
  For these reasons, it is 
believed that the multiple hydroxyl groups on the polyol SAMs such as SAMs presenting D-
mannitol, can be solvated with multiple water molecules, which creates an interface that prevents 
protein or biological entities such as mammalian cells or bacteria from approaching or attaching 
to the surface. Luk et al. have very aptly represented how the polyol SAMs are able to 
template water structure. The multiple hydroxyl groups of the polyol moiety of these 
SAMs can template an interfacial water structure that can make the surface invisible to 
biological entities.
74, 92
 In case of biofilm formation such biological entities might include 
the bacterial cells, secreted extracellular polymeric substance (EPS), proteins, nucleic 
acids and the subsequently formed biofilm. In case of mammalian cell adhesion, the 
biological entities might include the mammalian cells together with intracellular or 
extracellular proteins (Figure 2.2). 
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Figure 2.2 Interfacial water structure templated by polyol-terminated self-assembled 
monolayer (SAM) on gold. The interfacial water structure makes the surface invisible to 
biological entities such as bacterial and mammalian cells, extracellular polymeric 
substances (EPS) during biofilm formation, proteins and nucleic acids. 
While these sugar alcohols possess a rich stereochemistry, there is no study on the correlation 
between the chirality of the surface chemistry and the effectiveness of the surface in resisting 
biofouling. Furthermore, biofilm formation and mammalian cell adhesion involve multiple 
steps and it is not clear how certain surfaces are able to resist these biofouling processes. 
Here, the synthesis of enantiomerically pure alkanethiols that terminate with different 
stereoisomer’s of sugar alcohols, and the effect of chirality of these polyol-terminated 
SAMs on resisting protein adsorption is reported. The enhancement of anti-fouling 
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chemistry of these polyol-terminated SAMs, by using monolayers that consists of a 
racemic mixture of alkanethiols is also reported. 
2.2 Results and Discussion 
To examine the resistance of monolayers of chiral polyols towards protein adsorption, 
alditol-terminated alkanethiols (D-gulitol, 1 and L-gulitol, 1’) and aldonamide-terminated 
alkanethiols (D-mannonamide, 2 and L-mannonamide, 2’) (Scheme 2.1) were 
synthesized. Resistance of protein adsorption does not strictly correlate with resistance of 
bacterial attachment and mammalian cell adhesion.
80-83
 In the extreme cases, hydrophobic 
surfaces may exhibit short-term resistance to mammalian cell adhesion (see Chapter 3) and 
bacterial cell attachment (see Chapter 4). However, protein adsorption on the hydrophobic 
surface can temporarily render the surface hydrated and bio-inert. Protein adsorption is 
intimately accompanied with, and sometimes a prerequisite for,
27, 78
 cell adhesion. Hence, 
surface plasmon resonance (SPR)
27
 was utilized to examine protein adsorption and 
resistance towards protein adsorption  of SAMs presenting D-gulitol (1), L-gulitol (1’), D-
mannonamide (2), L-mannonamide (2’), racemic mixture of the enantiomers and were 
compared to SAMs presenting methyl groups. 
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Surface plasmon resonance (SPR)
27, 74
 was used to measure the adsorption of protein (bovine 
serum albumin, fibrinogen and lysozyme) on SAMs formed by CH3(CH2)14SH, D-gulitol-
terminated alkanethiol (1), L-gulitol-terminated alkanethiol (1’), or the racemic mixture of the two 
enantiomers (1 and 1’). Figure 2.3 shows the data for the adsorption of bovine serum albumin 
(BSA) on the four SAMs formed on a SPR array chip. Phosphate buffered saline (1× PBS, pH 
7.42) was first introduced to the SAMs for 7 min, and then followed by the PBS containing BSA 
(0.5 mg/mL) for 8 min. Pure PBS was introduced again to observe the amount of adsorbed 
protein. The amount of protein, which adsorbed irreversibly on the SAMs was calculated from the 
difference in the SPR intensity measured from the difference of pixel intensity units (∆PIU) before 
and after the SAMs were exposed to the protein solution. The percentage of the monolayer 
covered by the adsorbed proteins (%ML) was compared to the amount of protein adsorbed on 
methyl-terminated SAMs, and was estimated by the equation %ML = 
(∆PIUgulitol/∆PIUmethyl)×100.
91, 95
 Self-assembled monolayers (SAMs) presenting D-gulitol and L-
gulitol were found to be bioinert, supporting about 4.26 ± 0.74% and  9.57 ± 2.53% monolayer 
(%ML) respectively of the protein adsorbed on methyl-terminated SAMs. Interestingly, SAMs 
presenting the racemic mixture of the two enantiomers exhibited little protein adsorption 
(maximum %ML ≤ 0.66), that was within the noise of the SPR signals.  
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Figure 2.3 Intensity of surface plasmon resonance (SPR) for adsorption of bovine serum 
albumin (0.5 mg/mL in 1× PBS, pH 7.42) over time on four SAMs presenting methyl groups, D-
gulitol; L-gulitol; or a racemic mixture of D- and L-gulitol-terminated alkanethiols. Figure adapted 
from the work by Luk and co-workers.
68 
Similar results were obtained for fibrinogen and lysozyme (Figure 2.4). Particularly, the 
monolayers of racemic polyols were highly effective at resisting fibrinogen (m.w. 340 kDa), one of 
the most sticky proteins, whereas the monolayers of enantiomeric polyols were not as effective at 
resisting fibrinogen (Figure 2.4).  
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Figure 2.4 Intensity of surface plasmon resonance (SPR) for adsorption of (A) Fibrinogen (0.5 
mg/mL in 1× PBS, pH 7.42) and (B) Lysozyme (0.5 mg/mL in 1× PBS, pH 7.42), over time on 
bare gold and two SAMs presenting L-gulitol and  racemic mixture of D- and L-gulitol-terminated 
alkanethiols. Figure adapted from the work by Luk and co-workers.
68 
 Figure 2.5 shows the data for adsorption of bovine serum albumin (BSA) on SAMs formed 
by CH3(CH2)14SH, D-mannonamide-terminated alkanethiol (2), L-mannonamide-terminated 
alkanethiol (2’), or the racemic mixture of the two enantiomers (2 and 2’) on a SPR array chip 
(16 spots per chip). Buffer (1× PBS, pH 7.42) was first introduced to the SAMs, followed by 
PBS containing BSA (0.5 mg/mL). Pure PBS was introduced again to observe the irreversibly 
adsorbed protein on SAMs. The percentage of the monolayer covered by the adsorbed 
proteins (%ML) was compared to the amount of protein adsorbed on the methyl -terminated 
SAMs, and was estimated by %ML = (∆PIUmannonamide/∆PIUmethyl)×100, for which ∆PIU is the 
difference in the pixel intensity units before and after the surface were exposed to the protein 
solution.
91, 95 
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Figure 2.5 Intensity of surface plasmon resonance (SPR) for adsorption of bovine serum 
albumin (0.5 mg/mL in 1× PBS, pH 7.42) over time on four SAMs presenting methyl groups, 
D-mannonamide; L-mannonamide; or a racemic mixture of D- and L-mannonamide 
alkanethiols. Figure adapated from the work by Luk and co-workers
†
 
 Self-assembled monolayers (SAMs) presenting D-mannonamide and L-mannonamide were 
both protein-resistant, supporting about 21.18 ± 7.13% and 6.95 ± 0.71% of monolayer 
(%ML), respectively. Interestingly, SAMs presenting the racemic mixture of the two 
enantiomers again exhibited little protein adsorption  (%ML= 1.11 ± 0.42) that was within the 
                                                 
†
 Stereochemical Effects of Chiral Monolayers on Enhancing the Resistance to 
Mammalian Cell Adhesion Debjyoti Bandyopadhyay, Deepali Prashar and Yan-Yeung 
Luk* Chem. Commun., 2011, 47, 6165-6167-Reproduced in part by permission of The 
Royal Society of Chemistry. Verbatim text in Arial font size 10 and identical figures are 
indicated in the legend. 
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noise of the SPR signals. 
Collectively, these result suggests that SAMs presenting racemic mixture of enantiomeric 
alkanethiols is likely more resistant to protein adsorption than SAMs presenting either of the 
enantiomers. 
2.3 Conclusions 
The results on resisting protein adsorption indicate that chiral polyol-terminated SAMs 
have different ability to resist the adsorption of proteins. While, D-gulitol SAMs were 
slightly more resistant to protein adsorption than the L-gulitol SAMs, the D-mannonamide 
SAMs were comparatively less resistant to protein adsorption than the L-mannonamide 
SAMs. But for both gulitol and mannonamide SAMs, the SAMs presenting the racemic 
mixture of the alkanethiols were more resistant to protein adsorption than the SAMs 
presenting the ennantiomers alone. Collectively, the results presented here suggest that 
SAMs presenting racemic mixture of enantiomeric alkanethiols is more resistant to 
protein adsorption than SAMs presenting either enantiomer. Considering that the racemic 
and enantiomeric SAMs have the same chemical composition, the major difference in the ability 
of these two surfaces to resist the adsorption of proteins likely resides in the water solvation at 
the interface.
97, 108-111
 This observation opens new explorations for studying surface-biologic 
interactions. 
2.4 Experimental Section 
Chemicals. 1-Pentadecanethiol and chemicals used for synthesizing all other alkanethiols 
were purchased from Aldrich Chemicals (Milwaukee, WI) and used as received. Ethanol was 
used as a solvent for preparing all alkanethiol solutions and for washing SAMs on gold films. 
Minimum amount of DMSO was mixed with ethanol for solubilizing polyol-terminated alkanethiols, 
which were poorly soluble in pure ethanol. Bovine serum albumin, lysozyme and fibrinogen were 
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purchased from Sigma-Aldrich (St. Louis, MO). Phosphate buffered saline, 1× PBS (2.7 mM 
potassium chloride, 137 mM sodium chloride, 8 mM sodium phosphate dibasic, 1.48 mM 
potassium phosphate monobasic, pH 7.42) was prepared by dissolving 5 PBS tablets  (SIGMA, 
Allentown, PA) in 1000 mL of deionized water with a resistivity of 18 MΩ cm (Millipore, Billerica, 
MA). 
General Information for Synthesis of Alkanethiols. The processes involving reactants 
sensitive to moisture or air were carried out under an atmosphere of argon using oven-dried 
glassware. Reagents and solvents were reagent grade and used as supplied unless otherwise 
mentioned. THF was distilled from sodium benzophenone. Solvents were removed under 
reduced pressure using rotary evaporator below 40 ºC. Silica Gel 60 F254 precoated plates (0.25-
mm thickness, EMD) were used for TLC and a solution of phosphomolybdic acid/ceric 
sulfate/sulfuric acid (10g : 1.25 g : 8% 250 mL), followed by charring at ~ 150 ºC, was used for 
visualization. Flash column chromatography was performed using SILICYCLE, Silica-P Flash 
Silica Gel with 40-63μ mesh size. NMR spectra (
1
H,
 13
C) were recorded on 300 MHz Bruker 
instrument. 
1
H chemical shifts are reported in ppm relative to CDCl3 δ 7.26 and DMSO-d6 δ 2.50. 
13
C chemical shifts are reported relative to CDCl3 δ 77.23 and DMSO-d6 δ 39.51. High Resolution 
Mass Spectra (HRMS) was recorded by positive ion electrospray on a Bruker 12 Tesla APEX –
Qe FTICR-MS with Apollo II ion source. 
Synthesis of chiral alditol-terminated alkanethiols. The synthesis of D-gulitol-terminated 
alkanethiol, 1 is shown in Scheme 2.2. Briefly, 1a was synthesized from D-gulono-1,4-lactone 
using literature reported procedures.
112
 Nucleophilic displacement with 11-bromo-1-undecene 
afforded the alkene 1b. Reaction of 1b with thiolacetic acid using catalytic amount of 
azobisisobutyronitrile (AIBN) under UV irradiation afforded the thio ester 1c. Hydrolysis of 1c in 
methanolic HCl afforded alkanethiol 1. L-Gulitol-terminated alkanethiol, 1’ was synthesized 
similarly. Synthesis for 2 and 2’ is described in Scheme 2.3. 
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Synthesis of Compound, 1b. Compound 1a
112
 (0.252 g, 0.962 mmol) was dissolved in THF 
(15 mL). The solution was cooled to -78 ºC and charged with NaH (0.077 g, 60% by wt in mineral 
oil, 0.783 mmol). The mixture was warmed up to 0 °C and allowed to stir at 0 °C for 60 min. 11-
bromo-1-undecene (0.42 mL, 1.923 mmol) was added to the reaction mixture at 0 °C and the 
reaction was warmed up to ambient temperature subsequently. The reaction mixture was stirred 
at ambient temperature for 20 min and then refluxed for 48 h. The reaction mixture was cooled 
down, quenched with brine and extracted with EtOAc. The organic phase was dried over 
anhydrous Na2SO4 and the crude product was obtained as yellow oil after evaporation of solvent. 
The crude product was purified using flash silica gel column (10% EtOAc in Hexanes) to obtain 
1b (0.132 g, 46 %, calculated from recovered 1a) as colorless oil after evaporation of solvents. Rf 
= 0.62, (30% EtOAc in Hexanes). 
1
H NMR (300 MHz, CDCl3): δ 5.88-5.75 (m,1H), 5.03-4.91 (m, 
2H), 4.35-4.24 (m, 2H), 4.13-4.03 (m, 2H), 3.85 (t, JH-H = 8.0 Hz, 1H), 3.75-3.69 (m, 2H), 3.61 (dd, 
JH-H = 10.1 Hz, 4.6 Hz, 1H), 3.53-3.41 (m, 2H), 2.95 (d, 1H, JH-H = 6.4 Hz), 2.07-2.00 (m, 2H), 
1.59-1.53 (m, 2H), 1.51 (s, 3H), 1.46 (s, 3H), 1.39 (s, 3H),1.37 (s, 3H), 1.28 (br s, 12H). 
13
C NMR 
(75 MHz, CDCl3): δ 139.4, 114.3, 109.7, 108.9, 77.0, 76.8, 75.9, 72.1, 69.8, 69.4, 66.2, 33.9, 
29.7, 29.6, 29.3, 29.1, 27.2, 26.7, 26.2, 25.5, 25.3. HRMS: found = 437.2864 [M+Na]
 +
, calcd for 
[C23H42O6+ Na]
 +
 437.2873. 
Synthesis of Compound, 1c. Recrystallized azobisisobutyronitrile (AIBN) (20 mg) and 
thiolacetic acid (0.11 mL, 1.493 mmol) were added to a solution of compound 1b (0.155 g, 0.373 
35 
 
 
mmol) in anhydrous THF (5.0 mL). The reaction mixture was stirred under UV source for 18 h. 
The solvent was removed under vacuum to yield the crude product as yellow oil. The crude 
product was purified using flash silica gel column (10% EtOAc in Hexanes) to obtain 1c (0.109g, 
60%) as a yellow oil after evaporation of solvent. Rf = 0.73, (30% EtOAc in Hexanes). 
1
H NMR 
(300 MHz, CDCl3): δ 4.35-4.24 (m, 2H), 4.13-4.03 (m, 2H), 3.85 (t, 1H, JH-H = 7.94 Hz), 3.75-3.70 
(m, 2H), 3.61 (dd, JH-H = 10.15 Hz, 4.64 Hz, 1H), 3.53-3.41 (m, 2H), 2.94 (d, JH-H = 6.31 Hz, 1H), 
2.87 (t, JH-H = 7.38 Hz, 2H), 2.33 (s, 3H), 1.61-1.54 (m, 4H), 1.51 (s, 3H), 1.46 (s, 3H), 1.34 (s, 
3H), 1.26 (br s, 14H). 
13
C NMR (75 MHz, CDCl3): δ 196.2, 109.7, 108.9, 77.0, 75.9, 72.2, 69.8, 
69.4, 66.2, 30.8, 29.7, 29.6, 29.3, 29.2, 28.9, 27.2, 26.7, 26.2, 25.6, 25.3. HRMS: found = 
513.2847 [M+Na]
 +
, calcd for [C25H46O7S+ Na]
 +
 513.2856. 
Synthesis of Compound, 1. Compound 1c (0.064 g, 0.131 mmol) was dissolved in MeOH (5 
mL). The solution was degassed by bubbling argon for 10 min. Concentrated HCl (37%, 0.5 mL) 
was added to this solution and the mixture was refluxed for 2 h. The solvent was evaporated and 
1 (0.047g, 97%) was obtained as a white solid after drying under vacuum. 
1
H NMR (300 MHz, 
DMSO-d6): δ 4.53-4.34 (br m, 4H), 4.06 (br s, 1H), 3.66-3.27 (m, 10H), 2.44 (q, JH-H = 7.31 Hz, 
2H), 2.19 (t, 7.56 Hz, 1H), 1.53-1.45 (br m, 4H), 1.24 ( br s, 14H).
 13
C NMR (75 MHz, DMSO-d6): 
δ 73.6, 72.8, 72.2, 70.5, 69.8, 68.6, 62.5, 33.4, 29.3, 29.0, 28.9, 28.5, 27.7, 25.6, 23.7. HRMS: 
found = 391.2137 [M+Na]
 +
, calcd for [C17H36O6S+ Na]
 + 
391.2124. 
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Synthesis of Compound, 2b. Compound 2a (0.050 g, 0.144 mmol) was suspended in THF (6 
mL) and to it was added thiolacetic acid (0.04 mL, 0.576 mmol) and recrystallized AIBN (10 mg). 
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The vessel was evacuated and purged with argon. The reaction mixture was stirred under U.V 
source at rt for 12 h. Silica gel slurry was prepared of the crude material and loaded onto a silica 
gel column ( DCM → 1% DCM in MeOH → 10% DCM in MeOH). The pure compound 2b (0.0351 
g, 58%) was obtained as a white solid after evaporation of solvent.
 1
H NMR (300 MHz, DMSO-d6): 
δ 7.89-7.85 (t, JH-H = 6.04 Hz, 1H), 5.47 (d, JH-H = 6.32 Hz, 1H), 4.50-4.43 (m, 4H), 4.28 (t, JH-H = 
5.79 Hz, 1H), 3.86 (t, JH-H = 13.78 Hz, 1H), 3.75 (t, JH-H = 12.73 Hz, 1H), 3.62-3.56 (m, 1H), 3.44-
3.43 (m, 2H), 3.10-3.02 (m, 2H), 2.80 (t, JH-H = 7.12 Hz, 2H), 2.30 (s, 3H), 1.50-1.39 (m, 4H), 1.22 
(br s, 14H).
13
C NMR (75 MHz, DMSO-d6): δ 195.4, 173.6, 71.9, 70.9, 70.5, 70.3, 63.8, 55.3, 30.6, 
29.1, 29.09, 29.01, 28.97, 28.9, 28.8, 28.5, 28.3, 28.1, 26.4. HRMS: found = 446.2182 [M + Na]
 +
, 
calcd for [C19H37NO7S + Na] 
+
 446.2183. 
Synthesis of Compound, 2. Compound 2b (0.011 g, 0.029 mmol) was suspended in 29.8 µL 
of 1 N NaOH prepared in methanol. The mixture was stirred under argon at rt for 1 h and then 
neutralized by adding 29.8 µL of 1 N HCl prepared in methanol. The solvent was evaporated and 
the crude residue washed with cold methanol to obtain the desired compound 2 (0.007 g, 59%) 
as a white solid.
 1
H NMR (300 MHz, DMSO-d6): δ 7.87 (br s, 1H), 5.47 ( br s, 1H), 4.47-4.28 (br 
m, 4H), 3.86-3.43 (br m, 7H), 3.06 (br s, 2H), 1.62-1.23 (br s, 18H). 
13
C NMR (75 MHz, DMSO-
d6): δ 173.2, 73.3, 72.9, 71.8, 69.5, 62.5, 38.3, 29.1, 28.8, 28.6, 28.5, 27.7, 26.4. HRMS: found = 
404.2076 [M + Na]
 +
, calcd for [C17H35NO6S + Na] 
+ 
404.2077. 
Compound 2’ was synthesized using procedures similar to those used for the synthesis 
compound 2. 
Surface Plasmon Resonance. All surface plasmon resonance (SPR) experiments were 
performed on a SPRimagerII Array System (GWC Technologies, Madison, WI). Solutions of the 
alkanethiols (1 µL) and solutions containing 1:1 mixture of the enantiomers 1 and 1’ or 2 and 2’ (1 
µL) were spotted with a micropipette on SpotReady 16 chips (GWC Technologies, Madison, WI). 
The chips were placed in a tightly covered Petri dish, containing swabs of Kimwipes saturated 
with ethanol to prevent evaporation of ethanol from the spotted solutions. After 15 h the chips 
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were rinsed with ethanol and blow dried with a stream of nitrogen gas. The chips were then given 
a final rinse with water, gently blow dried with a stream of nitrogen gas and mounted in a 
standard flow cell (GWC Technologies, Madison, WI) for the SPR experiment. Phosphate 
buffered saline, 1× PBS (2.7 mM potassium chloride, 137 mM sodium chloride, 8 mM sodium 
phosphate dibasic, 1.48 mM potassium phosphate monobasic, pH 7.42) was used as buffer and 
for preparing the protein solutions. The protein solutions were filtered through a 0.25-µm filter 
before use. The percentage of the monolayer covered by the adsorbed proteins (%ML) was 
compared to the amount of protein adsorbed on methyl-terminated SAMs, and was estimated by 
the equation %ML = (∆PIUgulitol or mannonamide/∆PIUmethyl)×100 and the standard deviation in the %ML 
was determined over three replicates 
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Chapter 3 
Stereochemical Effects and Enhancement of Resisting Mammalian Cell 
Adhesion on Chiral Monolayers
‡
 
Summary 
Among different bioinert surfaces, sugar and sugar derivatized self-assembled 
monolayers (SAMs) have been shown to be highly effective in resisting all aspects of 
biofouling such as protein adsorption, mammalian cell adhesion and biofilm formation. 
The rich stereochemistry of sugar derivatives and the mechanism of their antifouling 
chemistry remain relatively unexplored. This section of the dissertation describes chiral 
effects observed during mammalian cell adhesion on chiral monolayers of polyol-
terminated alkanethiols surrounding micrometer sized patterned monolayers of methyl-
terminated alkanethiols on gold. This work demonstrates that the resistance of 
mammalian cell (Swiss 3T3 albino fibroblasts) adhesion is different on monolayers of 
enantiomeric alkanethiols on gold films, and this anti-biofouling chemistry can be 
enhanced by using monolayers formed by a racemic mixture of the enantiomeric 
alkanethiols. While SAMs presenting the enantiomers D-mannonamide or L-
mannonamide could not resist cell adhesion, SAMs presenting D-gulitol could resist cell 
adhesion longer than SAMs presenting its enantiomer L-gulitol. Interestingly, racemic 
                                                 
‡
Stereochemical Effects of Chiral Monolayers on Enhancing the Resistance to 
Mammalian Cell Adhesion Debjyoti Bandyopadhyay, Deepali Prashar and Yan-Yeung 
Luk* Chem. Commun., 2011, 47, 6165-6167-Reproduced in part by permission of The 
Royal Society of Chemistry. Verbatim in Arial font size 10 and identical figures are 
indicated in the legend. 
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monolayers for both gulitol and mannonamide were found to be more resistant to cell 
adhesion than monolayers presenting the corresponding enantiomers alone. These results 
are consistent with the kosmotrope theory, which states that molecules that can stabilize 
native protein folding when immobilized on surfaces, can also resist protein adsorption 
and other biofoulings.  
3.1 Background and Significance 
Most mammalian cells are adherent and need to adhere and spread on an underlying matrix 
for normal growth and development. In vivo, mammalian cells adhere and spread on the extra 
cellular matrix (ECM) which comprises of a collection of insoluble proteins and 
glycoaminoglycans.
78  
Adhesion is mediated by specific binding of cell surface receptors with 
cell adhesion molecules provided by the ECM and those secreted by the cells.
78
 Fibronectin 
mediates cell adhesion on ECM and in vitro via specific interaction with the cell surface 
receptor integrin. The αβ subunit of integrin recognizes the specific amino acid sequence 
Arg-Gly-Asp (RGD) in fibronectin.
77
 If cells are not allowed to adhere, they initiate a 
program of apoptosis leading to their death. Cell death may be accompanied by release of the 
cellular constituents including cytoplasmic and membrane proteins. The proteins can then 
non-specifically adsorb onto the surface and mediate cell adhesion and proliferation. 
A material intended to be used as a biomaterial, prosthesis or medical device, when 
implanted in a living tissue leads to sequence of host reactions including injury, blood-
material interactions, provisional matrix formation, acute inflammation, chronic 
inflammation, granulation tissue formation, foreign body reaction, fibrosis or fibrous 
capsule development.
4
 While all these events are naturally expected to occur in response 
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to implantation of a medical device or prosthesis, in the worst case, the implant needs to 
be surgically removed due to device failure or infection. One of the first events, which 
occur on implantation of a biomaterial, is that the biomaterial is coated by naturally 
occurring serum factors called opsonins. The two major opsonins are IgG and the 
complement activated-fragment C3b, which are plasma-derived proteins capable of 
coating an implanted biomaterial.
4
 The immune cells such as neutrophils and 
macrophages have the corresponding receptors for these opsonization proteins and hence 
are able to recognize the foreign material on implantation. These receptors sometimes 
help in the activation of the adhered neutrophils
113
 and macrophages.
114-115
 Hence, non-
specific adsorption of the serum proteins aids in the identification of an implanted 
biomaterial by the immune cells causing implant rejection or life threatening infections. 
Resisting mammalian cell adhesion is a more stringent test for bioinertness of a surface. 
Mammalian cell adhesion will generally last longer (over weeks) while proteins tend to 
adsorb on surfaces and the surface is covered with a monolayer of protein within 
minutes.
74
 Self-assembled monolayers (SAMs) formed by the enantiomeric polyol-
terminated alkanethiols D-gulitol, 1, L-gulitol, 1’ and D-mannonamide, 2, L-
mannonamide, 2’, together with their racemic mixtures have been shown to resist the 
adsorption of proteins (Chapter 2). Here, the effectiveness of these SAMs to resist the 
adhesion of mammalian cells (Swiss 3T3 albino fibroblasts) has been evaluated. The 
synthesis of two diastereomeric polyol-terminated alkanethiols, D-gulonamide, 5, D-
gluconamide, 6 (Scheme 3.1) is also reported and the ability of the SAMs formed by the 
diastereomeric, enantiomeric and racemic polyol-terminated alkanethiols to confine 
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adhered mammalian cells within micrometer sized cell-adhesive patterns of methyl-
terminated SAMs has been evaluated. 
3.2 Results and Discussion 
3.2.1 Enantiomeric and racemic effects during mammalian cell adhesion on 
monolayers of alditol-terminated alkanethiols 
Patterned monolayers were created by microcontact printing, where circular regions of 
pentadecanethiol (135 µm in diameter) are surrounded by SAMs formed by 1, 1’ or SAMs formed 
by racemic mixture of the enantiomers (Figure 3.1). The patterned SAMs were cultured with 
Swiss albino 3T3 fibroblasts, and monitored using optical microscopy. 
 
Figure 3.1 Schematic representation of patterned SAMs of HS(CH2)14CH3, surrounded by 
the chiral polyol- or amine- or EG3OH-terminated SAMs on gold films. Figure adapted from 
the work by Luk and co-workers.
69
 
 Cell adhesion confined to circular patterns was observed for SAMs presenting the 
enantiomeric alkanethiols, 1 and 1’, and the racemic mixture of the enantiomers. Surprisingly, 
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the D-gulitol-terminated monolayers were more resistant to cell adhesion than the L-gulitol-
terminated monolayers. While D-gulitol-terminated monolayers confined cell adhesion in 
circular patterns up to 19 days, L-gulitol-terminated monolayers failed at 13 days. This 
observation demonstrated that mammalian cells have a higher propensity to overcome the 
bioinertness of surface formed by one enantiomer over the other. Interestingly, SAMs formed 
by the racemic mixture of the enantiomers, 1 and 1’, confined cell adhesion up to 23 days, 
longer than SAMs formed by either of the enantiomers (Figure 3.2). This result suggests an 
enhanced anti-fouling surface chemistry by using racemic mixture of chiral molecules that 
can form bioinert monolayers. 
 
Figure 3.2 Optical micrographs for the adhesion of Swiss albino 3T3 fibroblast on circular 
patterns (135 µm in diameter) of HS(CH2)14CH3, surrounded by alditol-terminated SAMs on 
gold films. The number of days the substrates were in the culture is indicated to the left. 
Optical micrographs are representative of ten replicates of 135 µm circular patterns (only two 
are shown). Scale bar = 152 µm. Figure adapted from the work by Luk and co-workers.
69 
 Mammalian cell adhesion on surface is mediated by selective molecular binding including 
cell surface receptor integrin binding to a small tripeptide Arg-Gly-Asp (RGD) on extra cellular 
matrix (ECM) proteins fibronectin or vitronectin,
77
 which is the key event for initiating vital cell 
activities.
78
 Interestingly, Addadi and co-workers have shown that adhesion of epithelial cells 
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(A6 Xenopus Laevis) on (S, S)-tartrate tetrahydrate crystal was slow and mediated by RGD 
containing adhesive proteins, but attachment and spreading on the (R, R) crystal was fast, 
RGD-independent and led to cell death.
84
 Recently, macrophages were reported to have 
reduced adhesion with round morphology on monolayer of N-Isobutyryl-D-cysteine on gold 
surface, but with larger number of cells and well-spread morphology on monolayer of N-
Isobutyryl-L-cysteine.
85
 In contrast to these findings, the different ability of enantiomeric 
monolayers to resist cell adhesion suggests that cells can distinguish chirality of the surface, 
even when the surface chemistry is resistant to cell adhesion.  
3.2.2 Diastereomeric and racemic effects during mammalian cell adhesion on 
monolayers of aldonamide-terminated alkanethiols 
 The diastereomeric polyol-terminated monolayers, for which the polyols are linked by 
amide bonds instead of ether bonds were also examined. The mannonamide-terminated 
monolayers, 2 and 2’ failed to resist cell adhesion, but D-gulonamide, 5, and D-gluconamide, 
6, confined cell adhesion upto 2 days and 5 days, respectively (Figure 3.3). Interestingly, 
while monolayers presenting either D-mannonamide, 2 or L-mannonamide, 2’ were not 
adhesion-resistant, monolayers formed by a racemic mixture of the enantiomers (50/50 : 2/2’) 
were adhesion-resistant and confined adhered cell up to 10 days  (Figure 3.4). These results 
enforce the observed racemic enhancement effect on bioinertness . 
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Figure 3.3 Optical micrographs for the adhesion of Swiss albino 3T3 fibroblast on circular 
patterns (135 µm in diameter) of HS(CH2)14CH3, surrounded by aldonamide-terminated SAMs 
on gold films. The number of days the substrates were in the culture is indicated to the left. 
Optical micrographs are representative of ten replicates of 135 µm circular patterns (only two 
are shown).Scale bar = 152 µm. Figure adapted from the work by Luk and co-workers.
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Figure 3.4 Optical micrographs for the adhesion of Swiss albino 3T3 fibroblast on circular 
patterns (135 µm in diameter) of HS(CH2)14CH3, surrounded by mannonamide-terminated SAMs 
on gold films. The number of days the substrates were in the culture is indicated to the left. 
Optical micrographs are representative of ten replicates of 135 µm circular patterns (only two are 
shown). Scale bar = 152 µm. Figure adapted from the work by Luk and co-workers.
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3.2.3 Hydrophilic surfaces are not necessarily bioinert 
 The mechanism of an antifouling chemistry is not trivial; hydrophilic surfaces are not 
necessarily beneficial for achieving bioinertness. Proteins are known to adsorb on surfaces 
presenting hydrophilic amine groups.
93
 An interesting theoretical study by Sharp and co-
workers suggests that similar water organization is induced by methyl and amino moieties.
116
 
To examine the effect of potentially protein-denaturing, yet hydrophilic surface on mammalian 
cell adhesion, patterned squares (600 µm-wide) of HS(CH2)14CH3 surrounded by amine-
117
 
and tri(ethylene glycol)-terminated
118
 SAMs, 3 and 4 were prepared. At the early stage, cell 
adhesion was only seen on amine-terminated SAMs, and little cells were seen inside the 
methyl-terminated squares, giving a “reversed” pattern (Figure 3.5A). Over short period of 3 
days, a confluent monolayer of cells was observed covering the entire monolayer (Figure 
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3.5B). In contrast, tri(ethylene glycol)-terminated monolayer resisted cell adhesion from the 
beginning of cell culture (Figure 3.5C). These results support the notion that amine groups 
are likely chaotropic in nature, and supported rapid cell adhesion.  
 
Figure 3.5 Optical micrographs for the adhesion of Swiss albino 3T3 fibroblast on 600 µm-
wide squares of pentadecanethiols, surrounded by (A) amine-terminated monolayer, 3, for 1 
day, (B) for 3 day, and (C) EG3OH-terminated monolayer, 4, for 1 day. Optical micrographs 
are representative of ten replicates of 600 µm square patterns (only one is shown). Scale bar 
= 152 µm. Figure adapted from the work by Luk and co-workers.
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3.2.4 Resisting biofouling by surfaces presenting kosmotropic polyols 
 Several theories exist for bioinert chemistries that resist adsorption of proteins.
74, 89-92, 94-95, 
108
 To explore the understanding of bioinert surface chemistry, we note that polyols are 
similar in structure to glycerol and sucrose that are known to stabilize protein structure.
104-106
 
Other small molecules such as urea and guanidinium are known to denature proteins.
98, 119-123
 
While the stabilizing or destabilizing effects of added ions or molecules on protein folding 
may due to direct
98-100, 102-103
 or indirect
98, 123
 interactions between the additives and the 
proteins, the stabilizing effect by kosmotropic organic osmolytes on protein structure is likely 
indirect.
98
 
 
Together, these results are consistent with the notion that kosmotropic organic 
molecules that stabilize protein structure can also resist biofouling when immobilized on 
surface.
74, 92, 96
 One plausible mechanism for such anti-fouling chemistry is an extensively 
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hydrogen bonded water network on the monolayer, which prevents biological entities from 
contacting or attaching to the surface.
74, 92, 96, 110, 124
 
3.3 Conclusions  
Self-assembled monolayers (SAMs) presenting chiral polyols that have the same chemical 
composition have different ability to resist mammalian cell adhesion. While cells can distinguish 
chiral surfaces that support adhesion,
84-85
 the results presented here show that cells can also 
distinguish chirality of the surface when the surface chemistry is to resist cell adhesion. Enhanced 
bioinertness on monolayer formed by racemic mixtures of both gulitol- and mannonamide-
terminated alkanethiols was observed, suggesting that this racemic effect on bioinertness is likely 
general for other bioinert chiral monolayers. These results suggest an approach for potentially 
enhancing antifouling chemistry on materials beyond gold films. This bioinert chemistry is 
believed to be strongly influenced by the water solvation and organization at the interface.
108, 125
 
3.4 Experimental Section 
Chemicals. 1-Pentadecanethiol and chemicals used for synthesizing all other alkanethiols 
were purchased from Aldrich Chemicals (Milwaukee, WI) and used as received. Ethanol was 
used as a solvent for preparing all alkanethiol solutions and for washing the SAM modified gold 
substrates. A minimum amount of DMSO was mixed with ethanol for solubilizing polyol-
terminated alkanethiols, which were poorly soluble in pure ethanol. Water used had a resistivity of 
18 MΩ cm (Millipore, Billerica, MA).  
General Information for Synthesis of Alkanethiols. The processes involving reactants 
sensitive to moisture or air were executed under an atmosphere of argon using oven-dried 
glassware. Reagents and solvents were reagent grade and used as supplied unless otherwise 
mentioned. THF was distilled from sodium benzophenone ketyl. Solvents were removed under 
reduced pressure using rotary evaporator below 40 ºC. EMD Silica Gel 60 F254 precoated plates 
(0.25-mm thickness) were used for TLC and a solution of phosphomolybdic acid/ ceric sulfate/ 
sulfuric acid (10g : 1.25 g : 8% 250 mL), followed by charring at ~ 150 ºC, was used for 
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visualization. Flash column chromatography was performed using SILICYCLE, Silica-P Flash 
Silica Gel with 40-63μ mesh size. NMR spectra (
1
H,
 13
C) were recorded on 300 MHz Bruker 
instrument. 
1
H chemical shifts are reported in ppm relative to CDCl3 δ 7.26 and DMSO-d6 δ 2.50. 
13
C chemical shifts are reported relative to CDCl3 δ 77.23 and DMSO-d6 δ 39.51. (High 
Resolution Mass Spectra) HRMS samples were analyzed by positive ion electrospray or electron 
impact. 
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The synthesis for 5 is shown in Scheme 3.2. Briefly, the alkene, 5d was obtained by 
aminolysis,
126
 of D-gulono-1,4-lactone in refluxing methanol. Reaction of 5d with thiolacetic acid 
using catalytic amount of AIBN (azobisisobutyronitrile) under UV light afforded the thioester 5e. 
Base hydrolysis of the thioester 5e with methanolic NaOH followed by acidification afforded 
alkanethiol 5. Compound 6 was synthesized similarly. 
Synthesis of Compound 5b. NaN3 (1.115 g, 17.153 mmol) was added to a solution of 11-
bromo-1-undecene, 5a (2.000 g, 8.576 mmol) in DMSO (20.0 mL) and the mixture was stirred at 
rt for 10 min followed by heating at 60 ºC for 2 h. The mixture was cooled to rt followed by 
addition of 20 mL of brine. The organic layer was extracted with DCM and the combined organic 
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extracts were dried over anhydrous Na2SO4. Evaporation of solvent yielded the crude product as 
yellow oil. The crude product was purified using silica gel column (Hexanes → 5% EtOAc in 
Hexanes) to obtain pure compound, 5b (1.028 g, 61%) as a colorless oil after evaporation of 
solvent. Rf
 
= 0.41, (Hexanes). 
1
H NMR (300 MHz, CDCl3): δ 5.89-5.75 (m, 1H), 5.04-4.92 (m, 2H), 
3.26 (t, JH-H = 6.9 Hz, 2H), 2.04 (q, JH-H = 6.3 Hz, 2H), 1.65-1.56 (m, 2H), 1.39-1.36 (m, 2H), 1.30 
(br s, 10H). 
13
C NMR (75 MHz, CDCl3): δ 139.6, 114.5, 51.9, 34.2, 29.82, 29.8, 29.54, 29.5, 29.3, 
29.2, 27.1.   HRMS: found = 194.1649 [M - H]
 
, calcd for [C11H21N3 - H]
  
194.1652. 
Synthesis of Compound 5c. PPh3 (0.793 g, 3.023 mmol) was added to a solution of 
compound, 5b (0.531 g, 2.748 mmol) in THF (15.0 mL) and the reaction mixture was stirred at rt 
for 2 h. 55 µL (~1 eq) of water was then added to the reaction mixture which was stirred at rt for 
another 30 min. The reaction mixture was then refluxed till no more starting material was seen on 
TLC. The reaction mixture was allowed to cool to rt, solvent was evaporated and the residue was 
directly loaded on to the silica gel column (EtOAc → DCM → 3:3:1 DCM : MeOH : Et3N). Pure 
compound, 5c (0.429 g, 92 %) was obtained as colorless viscous oil after evaporation of solvent.
 
1
H NMR (300 MHz, CDCl3): δ 5.83-5.72 (m, 1H), 5.00-4.88 (m, 2H), 2.67 (t, JH-H = 6.8 Hz, 2H), 
2.05 (br s, 2H), 2.01 (q, JH-H = 6.7 Hz, 2H), 1.45-1.32 (m, 4H), 1.26 (br s, 10H).
 13
C NMR (75 MHz, 
CDCl3): δ 138.5, 113.7, 41.5, 33.4, 29.2, 29.09, 29.06, 28.7, 28.5, 26.5. HRMS: found = 170.1905 
[M + H]
 +
, calcd for [C11H23N + H]
 + 
170.1909. 
Synthesis of Compound 5d. D-gulono-1,4-lactone (0.103 g, 0.579 mmol) was added to a 
solution of compound, 5c (0.098 g, 0.579 mmol) in MeOH (5.0 mL) and the  mixture was refluxed 
for 20 h. The mixture was allowed to cool to to rt and then in an ice bath, which led to precipitation 
of the crude product as a white solid. The solid was washed with ice cold methanol and any 
residual solvent was evaporated to yield the pure compound, 5d (0.106 g, 53%) as a white solid. 
Rf
 
= 0.61, (20% MeOH in DCM). 
 1
H NMR (300 MHz, DMSO-d6): δ 7.83-7.79 (m, 1H), 5.83-5.70 
(m, 1H), 5.44 (br s, 1H), 4.99-4.89 (m, 2H), 4.66 (br s, 1H), 4.46-4.37 (m, 3H), 3.88 (br s, 1H), 
3.60-3.29 (m, 5H), 3.07-3.01 (m, 2H), 1.98 (q, JH-H = 6.7 Hz, 2H), 1.38-1.31 (m, 4H), 1.22 (br s, 10 
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H). 
13
C NMR (75 MHz, DMSO-d6): δ 173.2, 138.9, 114.7, 73.3, 72.9, 71.9, 69.5, 62.5, 38.3, 33.2, 
29.1, 29.0, 28.9, 28.8, 28.6, 28.3, 26.4. HRMS: found = 370.2197 [M + Na]
 +
, calcd for [C17H33NO6 
+ Na]
 + 
370.2206. 
Synthesis of Compound 5e. Recrystallized azobisisobutyronitrile (AIBN) (5 mg) and 
thiolacetic acid (0.026 g, 0.344 mmol) were added to a solution of compound, 5d (0.030 g ,0.086 
mmol) in MeOH (6.0 mL). The reaction mixture was stirred under UV source for 18 h. The solvent 
was removed under vacuum to yield the crude product as white solid. The solid was washed with 
ice cold methanol and any residual solvent evaporated to give pure compound, 5e (0.030 g, 82%) 
as a white solid. Rf
 
= 0.48, (20% MeOH in DCM).
 1
H NMR (300 MHz, DMSO-d6): δ 7.84-7.80 (m, 
1H), 5.47 (br s, 1H), 4.67 (br s, 1H), 4.48-4.41 (m, 3H), 3.88-3.83 (m, 1H), 3.60-3.33 (m, 5H), 3.18 
(br s, 1H), 3.08-3.02 (m, 2H), 2.82-2.77 (m, 1H), 2.29 (s, 3H), 1.47-1.38 (m, 4H), 1.22 (br s, 14 H).
 
13
C NMR (75 MHz, DMSO-d6): δ 195.7, 173.2, 73.3, 72.9, 71.8, 69.5, 68.9, 62.5, 52.5, 38.3, 35.9, 
35.8, 30.6, 29.0, 28.8, 28.3, 28.1, 26.4, 25.1. HRMS: found = 446.2168 [M + Na]
 +
, calcd for 
[C19H37NO7S + Na]
 + 
446.2188. 
Synthesis of Compound 5. Argon gas was bubbled through a solution of compound, 5e 
(0.031 g, 0.072 mmol) in MeOH (2.0 mL) for 10 min followed by addition of 80.5 µL solution of 1N 
NaOH in MeOH. The reaction mixture was stirred at rt till TLC (20% MeOH in DCM) indicated 
complete consumption of the starting material. The reaction mixture was cooled to 0 ºC in an ice 
bath and to it was added 80.5 µL solution of 1N HCl in MeOH. The mixture was stirred at 0 ºC for 
20 min and then kept undisturbed at 0 ºC to allow precipitation of solid product. The supernatant 
was carefully decanted and compound, 5 (0.029 g, quantitative) was obtained as a white solid 
after evaporation of any residual solvent.
 1
H NMR (300 MHz, DMSO-d6): δ 7.81 (br s, 1H), 5.46 
(br s, 1H), 4.66 (br s, 1H), 4.47-4.38 (m, 3H), 3.88 (br s, 1H), 3.60-3.32 (m, 5H), 3.04 (m, 2H), 
2.68-2.64 (m, 1H), 1.58-1.38 (m, 4H), 1.22 (br s, 14H). 
13
C NMR (75 MHz, DMSO-d6): δ 173.2, 
73.3, 72.8, 69.5, 62.5, 38.4, 29.1, 28.8, 28.6, 28.5, 27.7, 26.4. HRMS: found = 404.2068 [M + Na]
 
+
, calcd for [C17H35NO6S + Na]
 + 
404.2083. 
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Cleaning of Glass Substrates. Substrates for the gold films were Fisher’s finest premium 
microscope slides (Fisher Scientific, Pittsburgh, PA). Prior to gold deposition, the slides were 
cleaned with piranha solution. The slides were soaked in piranha solution (3 parts of 35% H2O2 in 
water and 7 parts of concentrated H2SO4) at 70 °C for 45 min. Warning! Piranha solution is 
extremely corrosive and has the potential for detonation if contaminated with a significant amount 
of oxidizable material. After cooling, the piranha solution was poured off and the slides were 
rinsed 20 times with water having a resistivity of 18 MΩ cm (Millipore, Billerica, MA), followed by 
10 rinses of ethanol and 10 rinses of methanol. The slides were then dried individually with a 
stream of nitrogen gas and stored in an 80 °C oven overnight. 
Gold Deposition on Glass Substrates. Semitransparent gold film of approximately 280 Å 
thickness were deposited onto the piranha cleaned glass substrates with an electron beam 
evaporation system from Thermionics (Port Townsend, WA). A layer of titanium (approximately 
70 Å thick) was applied first for adhesion of the gold film. Films were deposited at an oblique 
angle of 45° to the normal of the substrate. The rates of deposition were set at 0.2 Å/s for both 
gold and titanium. Pressure was maintained at or below 2 × 10
-6
 Torr throughout the deposition. 
Microcontact Printing. Microcontact printing was done using polydimethylsiloxane (PDMS) 
stamps using slight modifications of literature reported procedures.
39
 Briefly, gold slides were cut 
into approximately 1.0 cm × 1.0 cm pieces (gold substrates), rinsed with ethanol and then dried 
with a stream of nitrogen gas. PDMS stamps were dabbed with 2.0 mM solution of 1-
pentadecanethiol, dried with a stream of nitrogen gas and placed on the gold substrates to allow 
conformal contact for 20 seconds. The substrates were then rinsed with ethanol, dried with a 
stream of nitrogen gas and placed in 1.0 mM solutions of alkanethiols 3, 4, 5, 6; 0.2 mM solutions 
of alkanethiols 1, 1’and 0.2 mM solution containing 1:1 mixture of the enantiomers 1 and 1’; 1.0 
mM solutions of alkanethiols 2, 2’ and 1.0 mM solution containing 1:1 mixture of the enantiomers 
2 and 2’ for 15 h. The substrates were then taken out of the solution, rinsed with ethanol and 
dried with a stream of nitrogen gas before using them in mammalian cell or bacterial cell culture. 
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Mammalian Cell Culture. Swiss 3T3 Albino fibroblasts were cultured using general culture 
procedures.
127
 Briefly, Swiss 3T3 Albino cells purchased from ATCC (Rockville, MD) were 
cultured in Dulbecco’s modified Eagle’s medium (DMEM; pH 7.4) supplemented with 10% fetal 
bovine serum (FBS) (Sigma-Aldrich, St. Louis, MO), 10 µL/mL Penicillin-Streptomycin (Sigma-
Aldrich, St. Louis, MO) and 24 µL/mL Nystatin (Sigma-Aldrich, St. Louis, MO) in a 25 mL Falcon 
tissue culture flask (Becton Dickson, Franklin Lakes, NJ).  All cultures were kept in an incubator 
at 37 °C supplemented with 5% CO2. The media was changed every 3 d. Confluent layer of 3T3 
fibroblast cells were detached from culture flask by incubating with 2 mL 0.25% trypsin/0.5 mM 
EDTA solution for 5-10 min followed by addition of 8 mL of serum containing media.  
Mammalian Cell Culture on SAM Modified Gold Substrates. SAM modified gold substrates 
were placed in a fresh 25 mL Falcon tissue culture flask and incubated in 7.5 mL of serum 
containing media supplemented with 1.0 µL Penicillin-Streptomycin (Sigma-Aldrich, St. Louis, 
MO) and 2.4 µL Nystatin (Sigma-Aldrich, St. Louis, MO) for 20 min. 2.5 mL of the cell suspension 
was introduced in the flask and incubated for 24 h. Media was changed after 24 h of incubation. 
Pictures of cell attachment and growth on the plate were taken daily using Cannon C-5060 Wide 
Zoom camera and viewed from AE31 trinocular inverted microscope (Motic, British Columbia, 
Canada). Culture media was changed every 3 d.  
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Chapter 4 
Anti-Biofouling Chemistry of Chiral Polyol Monolayers: Enhancement 
of Biofilm Resistance on Racemic Surface
§
 
Summary 
Among the many approaches for controlling biofilm formation including the inhibition of 
quorum sensing or dispersing an already formed biofilm, one approach is to modify the 
surface chemistry to resist bacteria attachment and/or biofilm formation directly. Here, 
the synthesis of enantiomerically pure alkanethiols that terminate with different 
stereoisomer’s of sugar alcohols, and the effect of chirality of these polyol-terminated 
SAMs on resisting biofilm formation is reported. Patterned SAMs of pentadecanethiol, 
surrounded by SAMs formed by alkanethiols terminated in D-gulitol, L-gulitol, D-
mannonamide, L-mannonamide and racemic mixture of these alkanethiols, were 
presented to bacterial cell culture. Biofilm experiments were conducted in a flow cell 
using a red fluorescent Escherichia coli strain.  The SAMs formed by racemic mixture of 
the polyol-terminated alkanethiols, were found to be more bioinert towards biofilm 
formation than the SAMs presenting the enantiomers alone. Biofilm formation on these 
patterned substrates was found to exhibit a well-resolved two-phase process. During the 
first phase of biofilm formation, the polyol-terminated SAMs allowed weak attachment 
of bacteria (probably though non-specific hydrogen bonds), while the hydrophobic 
                                                 
§
Reproduced in part with permission from Anti-Fouling Chemistry of Chiral Monolayers: 
Enhancing Biofilm Resistance on Racemic Surface Debjyoti Bandyopadhyay, Deepali 
Prashar and Yan-Yeung Luk* Langmuir, 2011, 27 (10), 6124–6131. Copyright 2011 
American Chemical Society. Verbatim text in Arial font size 10 and identical figures are 
indicated in the legend. 
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pentadecanethiol SAMs were rendered temporarily bioinert, due to presence of adsorbed 
biomolecules (peptide and proteins). During the second phase of biofilm formation, the 
weakly attached bacteria migrated to, modified and attached on the hydrophobic 
pentadecanthiol SAMs, followed by growth and vertical development of biofilm. These 
results reveal the different chemistries that separate the different stages of biofilm formation, and 
the stereochemical influence on resisting biofoulings at a molecular-level.  
4.1 Background and Significance 
4.1.1 Biofilm formation is one consequence of quorum sensing  
  Since the discovery of bacteria by Antonie van Leeuwenhoek in 1676,
128
 the scientific 
community has believed that bacteria can only exists as a unicellular organism and is not 
capable of showing any form of multicellular behavior. This view has changed 
significantly over the last ~40 years, since the discovery by Nealson, Platt and Hastings 
in 1970 that the marine bacterium Vibrio fischeri was capable of modulating its light 
producing ability based on its population density.
129
 Later in 1981, Eberhard and co-
workers discovered that V. fischeri was able to sense its population density, by secreting 
an extracellular signaling molecule identified as an acylated homoserine lactone 
(AHL).
130
 Bacteria use small molecule signaling pathways to coordinate population wide 
gene expression through processes called quorum sensing and hence quorum sensing 
confers a form of multicellularity to the otherwise unicellular bacterium.
87
 Quorum 
sensing initiates a number of processes including virulence factor production, antibiotic 
production, biofilm formation, swarming motility, bioluminescence, root nodulation, 
sporulation and conjugation.
131
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4.1.2 Different stages of biofilm formation 
Biofilm formation is believed to occur in five stages, including initial reversible adhesion of 
planktonic microorganism, secretion of polymer matrix by the microorganism that leads to biofilm 
formation, biofilm maturation and eventual dispersion of biofilms.
18
 The initial attachment can 
result from specific molecular recognitions such as that between pili proteins on the bacterial cell 
surface and mannose groups,
132
 or between the adhesive matrix molecules and the adsorbed 
proteins on the host.
133-137
 In the absence of specific recognition, bacteria can also attach to 
surfaces through nonspecific molecular interactions and proceed to form biofilms. In case of 
nonspecific adhesion, the amount of bacteria attached to the surface appears to be linearly 
proportion to the surface adhesiveness.
138
  
Pseudomonas aeruginosa is an opportunistic pathogen, which can cause serious and 
sometimes life-threatening infection in patients suffering from cystic fibrosis (CF) or 
persons with a compromised immune system.
139
 Psl, Pel and alginate are the major 
exopolysaccharides constituents of P. aeruginosa biofilm.
140-141
 The polysaccharide 
synthesis locus (PA2235-2245) codes for the exopolysaccharide Psl, which allows the 
bacterium to attach to a surface and helps in maintaining the biofilm structure.
142-145
  
Wozniak and co-workers have used confocal laser scanning microscopy (CLSM) to 
visualize the Psl exopolysachharide, during the different stages of biofilm formation by 
P. aeruginosa.
146
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Figure 4.1 (A) Schematic representation of the five stages of biofilm formation. (B) 
Fluorescent micrographs of stained Psl matrix (red fluorescent) and P. aeruginosa (green 
fluorescent), during the different stages of P. aeruginosa biofilm formation. The black 
circle in image V-1 refers to the Psl matrix-free cavity. Figure adapted and modified.
18, 146
 
[Citation: Ma L, Conover M, Lu H, Parsek MR, Bayles K, et al. (2009) Assembly and 
Development of the Pseudomonas aeruginosa Biofilm Matrix. PLoS Pathog 5(3): 
e1000354. doi:10.1371/journal.ppat.1000354. Copyright: © 2009 Ma et al. This is an 
open-access article distributed under the terms of the Creative Commons Attribution 
License, which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original author and source are credited]. 
During the initial stages, the Psl forms a helical coat around the bacterium, which helps 
the bacterium to attach to the surface, neighboring cells and to the biofilm matrix. During 
biofilm maturation, the Psl accumulates on the periphery of the 3-dimensional 
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microcolonies, which causes a Psl matrix-free cavity in the centre of the microcolony. 
During the dispersal stage, freely swimming cells, dead cells, cell lysis products such as 
enzymes and extracellular DNA appear in the Psl matrix-free cavity.
146
 Figure 4.1 gives a 
schematic representation of the different stages of biofilm formation. Although the 
observations made by Wozniak and co-workers are specific to biofilms formed by P. 
aeruginosa, a similar set of events may be expected during biofilm formation by other 
bacteria. Quorum sensing plays a very important role during the development and 
maturation of bacterial biofilms.
147
 lasI-lasR and rhlR-rhlI are the two cell-cell signaling 
systems identified in P. aeruginosa.
148-152
 The lasI gene codes for a protein responsible 
for the synthesis of the extracellular diffusible signal, N-(3-oxododecanoyl)-L-
homoserinelactone.
153
 When the signaling molecules reach sufficient levels, it binds to 
the lasR protein, which leads to activation of a number of virulence genes including lasI 
and rhlR-rhlI.
153-156
 Greenberg and co-workers have shown that while the wild-type P. 
aeruginosa PAO1 forms a mature and differentiated biofilm marked with lot of 
intervening space between the cells, the lasI-rhlI double mutant forms a thin and 
undifferentiated biofilm containing a high density of tightly packed cells.
147
 Hence, 
quorum-sensing signals are involved during the maturation and differentiation of P. 
aeruginosa biofilms, but not necessarily during the initial stages of biofilm formation, 
attachment and proliferation.  
4.1.3 Problems associated with biofilm formation 
Unlike planktonic bacterial cells, sessile bacterial cells in a biofilm are resistant to 
antibiotic treatment and host defenses. Although antibiotics are able to treat the infection 
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caused by planktonic bacteria, antibiotics fail to eradicate the biofilm, which is the root 
cause of a persistent infection.
157
 Even the antibodies produced in response to the 
antigens specific to the bacterial cells are unable to kill bacterial cells within a biofilm 
and instead cause damage to the surrounding host tissue.
158
  Greenberg and co-workers 
have proposed three mechanisms by which bacterial cells within a biofilm resist 
antimicrobial treatment.
6
  The first mechanism is that the extracellular polymeric 
substance (EPS) might be impermeable to antibiotics and hence protects the bacterial 
cells within a biofilm. The second mechanism is that the bacterial cells in the biofilm are 
in a starved and metabolically less active state. The metabolically less active bacterial 
cells in a biofilm will be less susceptible to antibacterial treatment than the planktonic 
bacterial cells. The third mechanism is that the bacterial cells within a biofilm have 
varying genetic makeup. While some bacteria might be susceptible to antibiotics, others 
might be genetically resistant to antibiotics and other antimicrobial agents.  
Here, the use of enantiomerically pure alkanethiols that terminate with different 
stereoisomer’s of sugar alcohol, and the effect of chirality of these polyol-terminated 
SAMs on resisting formation of biofilm by the bacterium E. coli is reported. We also 
report the enhancement of anti-fouling chemistry by using monolayers that consists of a 
racemic mixture of alkanethiols. 
4.2 Results and Discussion 
4.2.1 Patterning bacterial biofilms 
While inhibiting quorum sensing
7, 159-162
 or dispersing already formed biofilms by chemicals is 
one viable approach to reduce or eliminate the biofilms,
163-164
 the other approach is to directly 
modify the surface chemistry to resist bacteria attachment and/or biofilm formation.
75-76, 138, 165-166
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To examine the bioinertness of monolayers formed by alditol-terminated alkanethiols (D-gulitol, 1 
and L-gulitol, 1’) and aldonamide-terminated alkanethiols (D-mannonamide, 2 and L-
mannonamide, 2’) (Scheme 4.1), circular patches (135 µm in diameter) of pentadecanethiols 
surrounded by alkanethiols either 1, 1’, 2, 2’, or racemic mixtures of these enantiomers were 
prepared by microcontact printing (Figure 4.2).  
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To measure the ability of these polyol-terminated monolayers at resisting the formation of 
biofilms by E.coli (RP437 engineered to express the Ds-Red-Express fluorescent protein),
76, 167
 
the patterned SAMs were placed in a flow cell and were inoculated with a bacteria-containing 
broth (OD600 = 0.05) for 1 h to allow the bacteria to attach to the surface. Culture media was then 
continuously flown through the channels and the formation of biofilm on the patterned SAMs was 
monitored by fluorescence microscopy. 
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Figure 4.2 Schematic representation of patterned SAMs of pentadecanethiol, HS(CH2)14CH3, 
surrounded by the alditol- or aldonamide-terminated SAMs on gold films. Figure adapted from the 
work by Luk and co-workers.
68 
4.2.2 Patterned substrates identify two-phase process of biofilm formation 
The formation of biofilm on the patterned SAMs exhibited a well-resolved two-phase process. 
In the first phase, fluorescent signals started to appear over the first 6 hours mainly outside the 
circular patterns (135 µm in diameter) on both the bare gold (Figure 4.3A) and polyol-terminated 
monolayers (Figure 4.3B); with visibly weaker fluorescent signal in the circular patterns. The 
fluorescent signal was weaker on the polyol-terminated monolayers than on bare gold. On 
smaller patches (95 µm in diameter), this circular patterns of weaker fluorescence was not readily 
visible. In the second phase, beginning after about two days in the first phase, the patterns of the 
fluorescent signals started to reverse as the media continuously flowed through the channels. 
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The fluorescent signals outside the circular patterns disappeared (Figure 4.3C), and fluorescent 
signals emerged in and persisted over the circular patterns for rather long period of time (~ 20 
days) in this phase (Figure 4.4). The circular patterns of biofilms were observed on SAMs 
presenting all four enantiomers of polyols (gulitols 1 and 1’, and mannonamides 2 and 2’), and on 
SAMs formed by a racemic mixture of each pair of enantiomers of the alkanethiols (Figure 4.4 
and Figure 4.5). Surfaces presenting enantiomers are known to cause different levels of 
mammalian cell adhesion.
84-85
 Here, the stronger resistance of biofilm formation by racemic 
monolayers suggest that the resistance of a chiral surface to biological entities (bacteria and 
biofilm formation) is also sensitive to the chirality of the molecules immobilized on the surface. 
 
Figure 4.3 Fluorescent micrographs of biofilm formed by E.coli on patterned gold films. The 
patterned monolayers consist of circular regions of pentadecanethiolates surrounded by (A) bare 
gold at 6 hours, (B) by alkanethiol 1 at 6 hours and (C) at 3 days of bacteria culture. Fluorescent 
micrographs are representative of ten replicates of 135 µm circular patterns (only four are 
shown). Scale bar = 152 µm. Figure adapted from the work by Luk and co-workers.
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4.2.3 Polyol-terminated SAMs only allow initial reversible attachment of bacteria but 
resist long-term biofilm formation  
The results here suggest that polyol-terminated SAMs supported initial and reversible 
attachment of bacteria (Figure 4.3B) in the first phase of the experiment, but resisted the 
subsequent biofilm formation in the second phase, which included the secretion, attachment and 
vertical development of biopolymer matrix. As a result, the reversibly attached bacteria detached 
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over time, and the biofilm only forms on the patterned regions (Figure 4.3C). As time 
progresses, both the gulitol- and mannonamide-terminated monolayers exhibited resistance to 
biofilm formation.  Interestingly, at 20 days (Figure 4.4 and Figure 4.5), fluorescent signals on 
the bio-inert SAMs presenting the racemic mixture of enantiomers were considerably lower than 
that on bio-inert SAMs presenting just the enantiomers alone. This observation suggests that 
SAMs presenting racemic mixture of enantiomeric alkanethiols (gulitol or mannonamide) is more 
resistant to biofilm formation than SAMs presenting a single enantiomeric alkanethiol. These two 
phases of experimental observations match the two distinct stages of the metabolic activities 
modeled for nonspecific bacterial adhesion. First stage involves the reversible contacts of 
planktonic bacterial cells, and the second stage involves the synthesis and secretion of adhesive 
polymers that lead to irreversible attachment and biofilm formation.
165, 168-172
 These results 
indicate that both stages are observed on different locations of the same patterned surface due to 
the bioinertness of chiral monolayers at resisting biofilm formation (second stage) but not 
reversible attachment (first stage).  
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Figure 4.4 Fluorescent signal of biofilm formed by E.coli on patterned SAMs on gold films. The 
patterned chemistry consists of circular regions of pentanedecanethiolates surrounded by SAMs 
formed by 1, 1’, or their racemic mixture. The stereochemistry of the polyols is shown above the 
fluorescent micrographs. The number of days in the culture is shown to the left. Fluorescent 
micrographs are representative of ten replicates of 135 µm circular patterns (only four are 
shown). Scale bar = 152 µm. Figure adapted from the work by Luk and co-workers.
68
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Figure 4.5 Fluorescent micrographs of biofilm formed by E.coli on patterned SAMs on gold 
films. The patterned chemistry consist of circular regions of pentanedecanethiolates surrounded 
by SAMs formed by 2 (D-mannonamide), 2’ (L-mannonamide), or their racemic mixture. The 
stereochemistry of the polyols is shown above the fluorescent micrographs. The number of days 
in the culture is shown to the left. Fluorescent micrographs are representative of ten replicates of 
135 µm circular patterns (only four are shown). Scale bar = 152 µm. Figure adapted from the 
work by Luk and co-workers.
68 
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4.2.4 Rationale behind observing two-phase process of biofilm formation on patterned 
substrates 
Protein adsorption on surfaces is known to render surfaces bioinert, usually for a rather short 
period. For instance, bovine serum albumin (BSA) is used as a blocking agent for many surface-
based bioassays.
173
 The adsorbed proteins on the surface go through structural changes over 
time. During the early stages of protein adsorption, a hydrated layer of water will likely be formed 
due to the presence of adsorbed proteins, regardless of the degree of protein denaturation. Over 
time, protein denaturation on surface will allow bacteria and their secreted biopolymers to further 
modify the surface, which results in losses of the initial temporary bioinertness. At the first phase 
of biofilm formation (Figure 4.6A) on these surfaces, adsorbed biomolecules (proteins and 
peptides) on the methyl-terminated surfaces in the micro-contact printed patterns prevented 
bacteria attachment and biofilm formation temporarily, whereas the polyol-terminated monolayers 
allowed some weak, reversible attachment of bacteria possibly through non-specific hydrogen 
bonds. Furthermore, the bioinertness of the polyol SAMs may be more easily impaired at location 
where there were defects in the polycrystalline gold films than that by oligo(ethylene glycol)-
terminated SAMs. Thus, another important parameter is the study of the influence of topography 
and polycrystallinity on the antifouling chemistry. The preconditioning of the hydrophobic surface 
was overcome by the increase in population of bacteria over time. Assisted by the flow of the 
media, the weakly attached bacteria may detach and migrate, modify and attach to the 
hydrophobic patterns of methyl-terminated SAMs, which further supported the attachment and 
development of the secreted biopolymer matrix, and the vertical development of biofilm formation 
(Figure 4.6B). 
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Figure 4.6 Proposed two phases, (A) and (B), of biofilm formation on chiral monolayers of 
polyol-terminated alkanethiolates surrounding micrometer sized patterns of methyl-terminated 
monolayers on gold film. Red ovals represent E.coli expressing red fluorescent protein. Figure 
adapted from the work by Luk and co-workers.
68 
4.2.5 Amine SAMs prevents bacterial attachment during initial period of biofilm 
formation. 
Formation of biofilm in a flow cell was studied on patterned substrates where amine-
terminated SAMs (Chapter 3) or D-gulitol-terminated SAMs surrounded circular patterns 
of methyl-terminated SAMs. Fluorescent signals started to appear outside the circular 
patterns on the D-gulitol SAMs over the first 6 h, with visibly weaker fluorescent signals 
within the circular patterns (Figure 4.7 A). Interestingly, the fluorescent signal outside the 
circular patterns on the amine SAMs were weaker over the first 6 h, with visibly stronger 
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fluorescent signals within the circular patterns (Figure 4.7 B). Based on results presented 
earlier, the pattern of fluorescent signal observed on for the D-gulitol SAMs matched the 
pattern expected for polyol SAMs, where the D-gulitol SAMs allowed temporary 
reversible attachment of bacteria probably via hydrogen bonds, while the methyl SAMs 
were probably rendered temporarily bioinert due to the presence of a hydrated layer of 
protein. The chaotropic character of amine SAMs was demonstrated in Chapter 3, where 
amine SAM supported rapid mammalian cell adhesion. On patterned substrates where 
amine SAMs surrounded patterned squares of methyl SAMs, adhered mammalian cells 
were only observed on regions presenting amine SAMs on day 1of mammalian cell 
culture. Over a short period of 3 days, a complete monolayer of adhered mammalian cells 
covered the entire surface. Hence, the chaotropic nature of the amine groups probably 
caused rapid adsorption of a layer of proteins or other biomolecules on the amine SAMs 
and was thus rendered temporarily bioinert. These results further prove the chaotropic 
nature of amines on surfaces. 
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Figure 4.7 Fluorescent micrographs at 6 h from bacterial culture with E.coli on patterned 
SAMs on gold films where circular patterns of methyl-terminated SAMs are surrounded 
by (A) amine-terminated SAMs and D-gulitol-terminated SAMs. Fluorescent 
micrographs are representative of ten replicates of 135 µm circular patterns (only four are 
shown). Scale bar = 152 µm. 
4.2.6 Kosmotropic character of polyols is the basis for the resistance towards biofilm 
formation of surface presenting polyols  
As kosmotropes that stabilize native protein folding have been believed to be preferentially 
excluded from proteins due to the water organization in their solvation shells,
103-106
 one possible 
mechanism for the antifouling chemistry of polyol-terminated monolayers is that these 
kosmotrope-coated surfaces create an interfacial solvation layer that exclude the secreted 
polymers  required for biofilm formation. Proteins, bacterial and mammalian cells have different 
ability to penetrate the solvation layer for surface attachment. Bacteria and mammalian cells 
themselves involve secretion of proteins and biopolymers, which further complicates and 
increases the challenges for designing a single surface chemistry that can resist all different kind 
of biofouling processes. Consistent with this information, this study reveals that chemistry that 
resists biofilm formation may not resist bacterial cell attachment. However, based on this and past 
studies,
74, 76
 it might be correct to say that a surface chemistry capable of long-term resistance to 
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biofilm formation and mammalian cell adhesion should be on a gross scale resistant to protein 
adsorption. Collectively, these studies support a “kosmotrope” theory,
74, 96
 which suggest that 
molecules that can stabilize the native folding of protein, when immobilized on a surface, can also 
resist protein adsorption. Particularly, what contributes to the stability of a folded protein has also 
been a daunting problem, and among many theories or arguments, the nature of the water 
solvation shells of the solutes is considered to be of primary importance.
174
 It should be noted that 
the optimal chain length of alkanethiol for bioinertness is likely different between oligo(ethylene 
glycol) and polyols on monolayers. Thus, the number of methylene units in the alkanethiols is 
another parameter for optimization when developing specific applications. 
4.2.7 A hypothesis for the enhanced resistance of racemic SAMs towards biofilm 
formation  
Interestingly, when two enantiomers are mixed, there are three possible modes of assemblies 
or aggregates. These assembly structures include conglomerate, racemic compound and solid 
solution.
175
 These three forms of assemblies have different properties including solubility in water. 
For SAMs consisting of a racemic mixture of enantiomeric alkanethiols, it is not clear which 
assembly exists in the polyol head groups of the monolayer. However, the hydration of surface of 
the “racemic monolayer” will be different from that of surface of “enantiomeric monolayer”. The 
packing of racemic polyol groups, and the more rigid conformation of the polyol may provide a 
different hydration than that by oligo(ethylene glycols). Because monolayers formed by both pairs 
of enantiomers exhibited enhancement of bioinertness when racemic mixtures are used, this 
racemic enhancement effect is likely a general phenomenon. 
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4.2.8 The Bioinert Bowl: Studying bacterial behavior in a completely bioinert 
environment 
Biofilm formation has five stages, including initial reversible adhesion of planktonic 
bacteria, secretion of polymer matrix by bacteria that leads to biofilm formation, biofilm 
maturation and eventual dispersion of biofilms.
18
 Although the different stages of biofilm 
formation are well described in the literature, the literature is only limited to a specific 
species of bacteria such as P. aeruginosa.
146
 Although the process of biofilm formation 
may be similar for different bacteria, biofilm formation may be fundamentally different 
(at least at the molecular level) for different bacterial species. Moreover, it is 
questionable if bacterial surface attachment is a prerequisite for bioflm formation or not. 
It is important to find the answers to some intriguing questions: what happens when you 
deny bacteria a surface for attachment? Over production of the extracellular polymeric 
substance (EPS) in mutant strains of Pseudomonas fluorescens, is reported to enable the 
bacterium to form biofilms at the air-liquid interface.
176
 So, if we deny bacteria a surface 
for attachment, can biofilm form in solution or at the air-liquid interface? It is possible 
that the mechanism of biofilm formation in solution or at the air-liquid interface is 
fundamentally different from that on a surface.  
D-mannitol-terminated alkanethiol,
74, 92
 was used to form bioinert SAMs on a gold-
coated glass bowl, named the “bioinert bowl”. The “bioinert bowl” can allow us to 
control bacterial behavior, by denying the bacteria a surface for attachment (Figure 4.8). 
In a flow cell or static culture containing gold substrates modified with D-mannitol or any 
other bioinert SAM, bacteria can go elsewhere for attachment (Figure 4.8), which is not 
possible in case of the “bioinert bowl”. It would be interesting if biofilm formation (if 
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any) in the “bioinert bowl” is associated with a fundamentally different mechanism of 
biofilm formation or a genetically altered form of bacteria. Environmental stress is 
known to initiate biofilm formation and the biofilm further protects the bacteria within it 
from stress.
5, 18
 It is possible that the absence of a surface for attachment can also be 
perceived by the bacterium as stress. 
 
Figure 4.8 (Left) Gold-coated glass bowl modified with bioinert D-mannitol-terminated 
alkanethiolate self-assembled monolayers (D-mannitol SAM) (Bioinert Bowl), which 
denies surface attachment of bacteria or attachment of extracellular polymeric substance 
(EPS) secreted by the bacteria. (Right) A glass petridish containing a gold substrate 
modified with D-mannitol SAM. Here, although the SAM modified gold substrate resists 
the attachment of bacteria or EPS and subsequent biofilm formation, the bacteria can go 
elsewhere such as the base and wall of the glass petridish, which allow attachment of 
bacteria or EPS and subsequent biofilm formation.  
The bacteria E. coli RP437 was grown under static conditions at 37 °C in the bioinert 
bowl and a glass bowl for 24 h. After 24 h, both the bioinert bowl (Figure 4.9 A1) and 
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glass bowl (Figure 4.9 A3) had the presence of surface unattached biomass settled at the 
bottom of the bowls. This surface unattached “biomass” is referred to as “bio-aggregate”, 
to differentiate it from surface attached biofilm. Interestingly, biofilm was not clearly 
visible in case of the bioinert bowl (Figure 4.9 A2), but was clearly visible in case of the 
glass bowl (Figure 4.9 A4). In order to stain the biofilm present in the bowls, the bacterial 
culture and bio-aggregate was removed from the bowls and the bowls were treated with 
aqueous 0.1% crystal violet.
177
 Crystal violet staining revealed that the amount of biofilm 
was much less in case of the bioinert bowl (Figure 4.9 B1), as compared to the amount of 
biofilm in the glass bowl (Figure 4.9 B2).  
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Figure 4.9 The bioinert bowl (A1) and the glass bowl (A3) after 24 h of bacterial culture. 
The enlarged view of the bioinert bowl (A2) showing the presence of surface unattached 
bio-aggregate and enlarged view of the glass bowl (A4) showing the presence of both 
surface unattached bio-aggregate and surface attached biofilm. Crystal violet stained 
bioinert bowl (B1) and glass bowl (B2), after 24 h of bacterial culture. 
 
Although bio-aggregate formation can occur in both the bioinert bowl and glass bowl, 
the bioinert bowl can resist biofilm formation. It is possible that the bacteria associated 
with the bio-aggregate in the bioinert bowl, has a different genetic makeup than the 
bacteria associated with the bio-aggregate in the glass bowl. The stress which the 
complete bioinert environment of the bioinert bowl presents to the bacteria (in the form 
of denying a surface for attachment), might cause the bacteria to develop mutations 
against the stress and hence alter its genetic makeup.  
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Since the bioinert and glass bowls were approximately of the same size and surface 
area, the amount of biofilm present in bowls could be estimated by crystal violet 
staining.
177
 The bowls were stained with crystal violet dye and the optical density at 600 
nm (OD600) of the solution containing the dissolved crystal violet dye in 95% ethanol was 
measured after 6 h and 24 h of bacterial culture. After 6 h, the OD600 value for both the 
bioinert bowl and glass bowl were found to be similar, although the OD600 value for the 
glass bowl was slightly higher than that for the bioinert bowl. After 24 h, the OD600 value 
for the bioinert bowl was approximately 50% of the OD600 value for the glass bowl (Table 
4.1).  
Table 4.1 OD600 values from crystal violet stained biofilm in the bioinert bowl and glass 
bowl after 6 h and 24 h. 
 
Since negligible amount of biofilm was formed in the bioinert and glass bowl after 6 h 
of bacterial culture (images not shown), the OD600 values at 6 h is probably due to 
background staining of the bowls by the crystal violet dye. Moreover, since the OD600 
values at 6 h were similar for the bioinert and gold bowl, the background staining is 
approximately same for both the bioinert and glass bowl.  Hence, it can be concluded that 
after 24 h, the amount of biofilm present in the bioinert bowl is much less than the 
amount of biofilm present in the glass bowl (after adjusting for any background staining). 
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These observations agree with the results from the formation of biofilm on patterned 
substrates in a flow cell, where polyol-terminated bioinert SAMs surrounded circular 
patterns of methyl-terminated (pentadecanethiol) SAMs. Within 6 h of bacterial culture 
on these patterned substrates, the fluorescent signal was significantly higher on the 
regions presenting the polyol SAMs than on methyl-terminated SAMs. After two days, 
the patterns of the fluorescent signals started to reverse as the media continuously flowed 
through the channels. The fluorescent signals outside the circular patterns disappeared, 
and fluorescent signals emerged and persisted over the circular patterns for rather long 
period. This observation was rationalized based on the initial temporary bioinertness of 
the methyl-terminated SAMs, due to the presence of a hydrated layer of adsorbed 
proteins that can prevent bacterial attachment, whereas the polyol-terminated SAMs 
allowed temporary bacterial attachment possibly via to non-specific hydrogen bonding 
between the polyol SAMs and the bacterial cell surface. During the initial 6 h period, the 
bioinert bowl and glass bowl might allow temporary attachment of bacterial cells or 
adhesion of proteins and contribute to the background OD600 values of 0.123 and 0.170 
respectively (Table 4.1). After 24 h, while the bacterial cells could form biofilm on the 
surface of the glass bowl (OD600 = 0.411), the bioinert bowl could resist formation of 
biofilm (OD600 = 0.209) (Table 4.1). 
4.3 Conclusions 
The molecular interactions governing the different stages of biofilm formation are likely 
different. The results presented here on resisting biofilm formation indicate that the polyol-
terminated SAMs can distinguish interactions between the first two and the rest of the stages of 
biofilm formation. These findings suggest a powerful and potentially general antifouling approach 
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by integrating multiple surface chemistries that resist different stages of biofilm formation. In 
addition, the monolayers formed from a racemic mixture of enantiomeric polyol-terminated 
alkanethiols are more resistant to biofilm formation than monolayers consisting of either of the 
single enantiomers.  
4.4 Experimental Section 
Chemicals. 1-Pentadecanethiol was purchased from Aldrich Chemicals (Milwaukee, WI) and 
used as received. Ethanol was used as a solvent for preparing all alkanethiol solutions and for 
washing SAMs on gold films. Minimum amount of DMSO was mixed with ethanol for solubilizing 
polyol-terminated alkanethiols, which were poorly soluble in pure ethanol. Water used had a 
resistivity of 18 MΩ cm (Millipore, Billerica, MA). 
Cleaning of Glass Substrates. Substrates for the gold films were Fisher’s finest premium 
microscope slides (Fisher Scientific, Pittsburgh, PA). Prior to gold deposition, the slides were 
cleaned with piranha solution. The slides were soaked in piranha solution (3 parts of 35% H2O2 in 
water and 7 parts of concentrated H2SO4) at 70 °C for 45 min. Warning! Piranha solution is 
extremely corrosive and also has the potential for detonation if contaminated with a significant 
amount of oxidizable material. After cooling, the piranha solution was poured off and the slides 
were rinsed 20 times with water having a resistivity of 18 MΩ cm (Millipore, Billerica, MA), 
followed by 10 rinses of ethanol and 10 rinses of methanol. The slides were then dried 
individually with a stream of nitrogen gas and stored in an 80 °C oven overnight. 
Gold Deposition on Glass Substrates. Semitransparent gold film of approximately 280 Å 
thickness were deposited onto the piranha-cleaned glass substrates with an electron beam 
evaporation system from Thermionics (Port Townsend, WA). A layer of titanium (approximately 
70 Å thick) was applied first for adhesion of the gold film. Films were deposited at an oblique 
angle of 45° to the normal of the substrate. The rates of deposition were set at 0.2 Å/s for both 
gold and titanium. Pressure was maintained at or below 2 × 10
-6
 Torr throughout the deposition. 
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Microcontact Printing.  Microcontact printing was done using polydimethylsiloxane (PDMS) 
stamps using slight modifications of literature reported procedures.
39
  Briefly, gold slides were cut 
into approximately 1.0 cm × 1.0 cm pieces (gold substrates), rinsed with ethanol and then dried 
with a stream of nitrogen gas. PDMS stamps were dabbed with 2.0 mM solution of 
pentadecanethiol, dried with a stream of nitrogen gas and placed on the gold substrates to allow 
conformal contact for 20 seconds. The substrates were then rinsed with ethanol, dried with a 
stream of nitrogen gas and placed in 0.2 mM solutions of alkanethiols 1, 1’ and 0.2 mM solution 
containing 1:1 mixture of the enantiomers 1 and 1’; 1 mM solutions of alkanethiols 2, 2’ and 1 mM 
solution containing 1:1 mixture of the enantiomers 2 and 2’ for 15 h. The substrates were then 
taken out of the solution rinsed with ethanol and dried with a stream of nitrogen gas before using 
them in bacterial cell culture. 
 
Figure 4.10 Set up of the flow cell experiment. Figure adapted from the work by Luk and 
co-workers.
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Bacterial Cell Culture on SAMs in a Flow Cell. Overnight culture of E.coli RP437 engineered 
to express the Ds-Red-Express fluorescent protein
76, 167
 was grown in Luria-Bertini broth 
supplemented with 10 µg/mL of Tetracycline and diluted to an optical density of 0.05 at 600 nm 
(OD600 = 0.05) measured by a Genesis 5 spectrophotometer (Spectronic Instruments, Rochester, 
NY). SAM modified gold substrates were placed in a dual channel flow cell (anodized aluminum 
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FC 281, BioSurface Technologies Corporation, Bozeman, MT). The slides were incubated in 5× 
diluted Luria-Bertini broth supplemented with 10 µg/mL of Tetracycline flowing at a rate of 10 
mL/hour using a Masterflex L/S variable-speed economy drive peristaltic pump (Cole-Parmer, 
Vernon Hills, IL) for 20 min at ambient temperature. After stopping the flow of media, each 
channel was inoculated by injecting into the channels 20.0 mL of bacteria-containing broth (OD600 
= 0.05). The flow of media (10 mL/h) was reintroduced after 1 h of inoculation to allow the 
bacteria to attach (Figure 4.10 shows the set up of the flow cell experiment). The formation of 
biofilm was monitored using an Axio Imager M1 microscope (Carl Zeiss MicroImaging GmbH, 
Göttingen, Germany). Fluorescent images were captured every day using an AxioCamMR3 
camera and processed with AxioVision Release 4.6 digital imaging software (Carl Zeiss). 
Fluorescent micrographs presented are representative of ten replicates of 135 µm circular 
patterns. 
Bacterial Culture in Bioinert and Glass Bowl. 1.5 mL of 1 mM solution of D-
mannitol-terminated alkanethiol in EtOH was poured into a gold-coated glass bowl and 
the glass bowl was placed in chamber saturated with vapors of EtOH overnight. 
Overnight culture of E.coli RP437 was grown in Luria-Bertini broth supplemented with 
20 µg/mL of streptomycin and diluted to an optical density of 0.05 at 600 nm (OD600 = 
0.05) measured by a Genesis 5 spectrophotometer (Spectronic Instruments, Rochester, 
NY). The D-mannitol-terminated SAM modified bioinert bowl and an unmodified glass 
bowl was rinsed with EtOH, blow dried with a stream of N2(g) and placed in a sterile 
chamber, saturated with water vapor. The bowls were hydrated by adding 1 mL of sterile 
water for 1 h, the water was then removed and replaced with 1 mL of the bacterial culture 
with OD600 = 0.05. The bowls were then incubated at 37 °C for the next 24 h. After 6 h, 
any biofilm formed in the bowls was stained with crystal violet dye. Briefly, the bacterial 
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broth was removed from the bowls and the bowls were air dried for 20 min. The bowls 
were then rinsed with water (1 mL × 3) and then air dried again for 20 min. 1 mL of 1% 
CV solution in water was then added to the bowls which were then placed at rt for 30 
min. After 30 min, the crystal violet solution was removed and the bowls were washed 
with water (1 mL × 3) and then air dried for 20 min. 1 mL of 95% EtOH was then added 
to the bowls and the bowls were placed at rt for 30 min. The 95% EtOH solution 
containing the dissolved CV dye was then gently mixed and then the OD of the solution 
was measured at 600 nm. The same steps of staining the biofilm with CV dye were 
repeated for another set of bionert and glass bowls after 24 h. Images of the bowls were 
also acquired before and after staining with CV. 
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Chapter 5 
Evaluating the Ability of Self-Assembled Monolayers of Polyol-
Terminated Alkanephosponic Acids on Titanium oxide (TiO2) to Resist 
the Adhesion of Mammalian Cells and as Water-Soluble Coatings for 
Magnetite (Fe3O4) Nanoparticles 
Summary 
The synthesis and use of end-functionalized alkanephosphonic acids terminated in the 
sugar alcohols D-mannitol, L-mannitol and D-gulitol to form chiral polyol-terminated 
self-assembled monolayers (SAMs) on metal oxide thin films or nanoparticles is 
reported. A facile and efficient synthesis of D-gulitol modified Fe3O4 (magnetite) 
nanoparticles (D-GPA MNPs) is also reported. The D-GPA MNPs were synthesized by 
treating magnetite nanoparticles (MNPs) with a solution of D-gulitol-terminated 
alkanephosphonic acid in dimethyl sulfoxide (DMSO) under ambient conditions. The D-
GPA MNPs were soluble in water and the dispersion of D-GPA MNPs remained stable in 
water for long periods. Although the D-GPA MNPs were found to precipitate out of 
solution over time, the D-GPA MNPs could be readily dispersed back into solution by 
simply agitating the solution. These water-soluble D-GPA MNPs have potential 
applications in the field of magnetic resonance imaging (MRI) contrast agents, drug 
delivery and hyperthermia. 
5.1 Background and Significance 
Self-assembled monolayers (SAMs) are a convenient system for tailoring the surface 
properties of metal and metal oxide thin films and nanoparticles. Controlling the surface 
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and interfacial properties of metal or metal oxide thin films and nanoparticles is 
imperative for integration of these materials for wide variety of applications.
39, 178
 On thin 
films, SAMs are used as etch resists, templates for crystallization and model surfaces for 
biological and electrochemical studies.
39
 The properties of nanoparticles are strongly 
dependent on their size and shape. To obtain highly monodispersed particles, it is 
desirable to achieve rapid nucleation, followed by controlled growth to achieve 
monodispersity.
179
 During the synthesis of nanoparticles, surfactants are added to control 
the growth and prevent aggregation of the nanoparticles. The surfactants form SAMs on 
the surface of the nanoparticles and act as physical
178
 or electrostatic barrier
180
 to prevent 
aggregation of the nanoparticles.  
Commonly used SAMs are based either on the interaction of reactive silanes
181
 with 
OH-terminated oxide surfaces or chemisorption of alkanethiols on gold.
39
 While silanes 
may lead to formation of films thicker than a monolayer, due to uncontrolled 
polymerization, alkanethiols involve the use of expensive materials such as gold or silver. 
The siloxane products of silanization are also hydrolytically unstable and this limits their 
use under aqueous conditions.
182
 Gold is also undesirable for studies involving 
fluorescence microscopy since gold has a tendency to quench fluorescence signals.  
Self-assembled monolayers (SAMs) of alkanethiolates on gold have been widely used 
as model substrates for studying biofouling due to protein adsorption,
28, 68-69, 74
 
mammalian cell adhesion
29, 69, 74
 and biofilm formation,
68, 75-76
 but alkanethiolate SAMs 
on gold and silver substrates are not stable for long periods due to oxidation of the thiol 
head group.
183
 Hence, it is highly desirable to have a new surface chemistry, which can 
form robust SAMs on technologically more relevant but less expensive substrates. 
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Alkanephosphonic acids are common coatings for surface of native metal oxide or alloys 
such as iron,
44
 steel,
45
 aluminum,
45-46
 copper
45
 and even mica.
48
 Raven and co-workers 
have reported that dense and highly ordered monolayers can be prepared by the 
adsorption of octadecylphosphonic acid onto nonporous ZrO2, TiO2 and zirconated silica 
powders.
46
 As a substrate, titanium is highly desirable because it combines the strength of 
steel and lightweight of aluminum. Titanium is also resistant to corrosion under ambient 
conditions and has wide application in industry, medical implants and devices.
184-185
 The 
exposure of the bare surface of titanium metal or its alloys to oxygen results in 
spontaneous formation of an oxide layer,
186-188
 which protects the metal against 
corrosion. Schwartz and co-workers have reported that assembling alkanephosphonic 
acids from solution onto TiO2 followed by gentle heating, provides an alkanephosphonate 
monolayer which is strongly surface-bound, unlike the monolayers formed without this 
heat treatment which can be easily washed away by solvent rinse.
47
 Titanium is also a 
desirable material for medical implants.
189
 While mammalian cell adhesion is undesirable 
for certain titanium based medical implants, such a cardiovascular implants,
190
 it is 
desirable for titanium based bone implants for better osseointegration.
191
 Schwartz and 
co-workers reported that the bonding of the tripeptide arginine-glycine-aspartic acid 
(RGD), on a monolayer of 11-hydroxyundecylphosphonate on titanium or titanium alloy 
Ti-6Al-4V, facilitates attachment and spreading of human osteoblasts.
192
 Self-assembled 
monolayers (SAMs) of polyol-terminated alkanethiol on gold have been reported to resist 
different biofouling processes such as protein adsorption,
68-69, 74
 mammalian cell 
adhesion
69, 74
 and biofilm formation
68, 75-76
 but it is highly desirable to transfer the bioinert 
99 
 
 
chemistry of the polyol SAMs on gold to a technologically more relevant material such as 
titanium.  
Magnetic iron oxide nanoparticles are desirable in medical applications for targeted 
drug delivery, magnetic resonance imaging (MRI) contrast agents, detoxification of 
biological fluids, hyperthermia and cell separation.
178
 Gedanken and co-workers have 
reported the synthesis of alkanesulfonic and octadecanephosphonic acid functionalized 
amorphous Fe2O3 nanoparticles.
193
 Markovich and co-workers have also reported the 
synthesis of fatty acid and alkanephosphonic acid functionalized magnetite 
nanoparticles.
194
 Zhang and co-workers have reported the synthesis of iron oxide 
nanoparticles, conjugated with an amine-functionalized poly(ethylene glycol) silane and 
the peptide chlorotoxin to target and inhibit the invasion of tumor-cells.
195-197
 Lartigue et 
al. have reported the synthesis of water-soluble and biocompatible rhamnose-coated 
Fe3O4 nanoparticles by covalently linking rhamnose on the nanoparticles through a 
phosphonate linker.
198
 Huang and co-workers have reported the synthesis of water-
soluble, magnetic Fe3O4 glyco-nanoparticles for detecting and differentiating cancer cells, 
based on specific binding between receptors on the cancer cell surface and sugar groups 
presented on the nanoparticles.
199
 Lartigue et al. have also reported the use of 
phosphonate chemistry to synthesize water-soluble sugar-coated Fe3O4 nanoparticles and 
evaluated their magnetic relaxometric and hyperthermia properties.
200
  
Here, the synthesis of chiral polyol-terminated alkanephosphonic acids 1 (D-mannitol), 
2 (L-mannitol), 3 (D-gulitol) and hydroxyl-terminated alkanephosphonic acid 4 
(hydroxyl) (Scheme 5.1) is reported for fabricating SAMs on TiO2 thin films, to evaluate 
the resistance of these SAMs towards mammalian cell (Swiss albino 3T3 fibroblasts) 
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adhesion. A facile synthesis of D-gulitol modified Fe3O4 nanoparticles is reported to 
provide an example of how polyol-terminated alkanephosphonic acids can be used to 
synthesize water-soluble metal oxide nanoparticles. 
5.2 Results and Discussion 
Polyol- and hydroxyl-terminated alkanephosphonic acids were synthesized to form 
SAMs on TiO2 and the resistance of these SAMs towards mammalian cell adhesion was 
studied. Two enantiomeric polyol-terminated alkanephsophonic acids 1 (D-mannitol), 2 
(L-mannitol), one diastereomeric polyol-terminated alkanephosphonic acid 3 (D-gulitol) 
and a hydroxyl-terminated alkanephosphonic acid 4 (hydroxyl) were synthesized, for 
studying the effect of stereochemistry and the number of hydroxyl groups on the ability 
of these SAMs to resist the adhesion of mammalian cells on TiO2.  
The D-gulitol-terminated alkanephosphonic acid was then used to synthesize D-gulitol 
modified magnetite nanoparticles, to study the solubility and stability of these modified 
nanoparticles in water. 
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5.2.1 Synthesis of mannitol-terminated alkanephosphonic acids 
The first attempt at synthesizing 1 is illustrated in Scheme 5.2. Compound 1a was 
synthesized using literature reported procedures.
201-202
 Nucleophilic substitution using 
excess of 1,12-dibromododecane, afforded the bromide 1b with a yield of 31%. Arbuzov 
rearrangement
203-204
 on the bromide 1a using triethylphosphite (P(OEt)3) as solvent 
afforded 1c, together with a byproduct, which was the major product in this reaction. 
Detailed 
1
H, 
31
P NMR and mass spectral analysis revealed that the byproduct formed was 
the phosphonate 1c’. The byproduct 1c’ resulted from reaction of the free secondary 
hydroxyl group in 1c with triethylphosphite during the Arbuzov rearrangement step. If 
the byproduct was indeed the phosphonate 1c’, I speculated that acid hydrolysis of 1c’ 
should yield the phosphonate ester 1d. Interestingly, the hydrolysis of 1c’ in 1N HCl 
afforded compound 1d in quantitative yield. The formation of 1d further proved that the 
byproduct in the Arbuzov rearrangement step was indeed 1c’. Compound 1d was further 
treated with bromotrimethylsilane (Me3SiBr) and subsequent methanolysis of the 
intermediate disilyl ester,
205
 was expected to afford 1, but instead afforded the 
corresponding dimethyl ester, 1’. Compound 1’ was formed instead of 1, due to the trans-
esterification reaction in the presence of methanol as solvent and Me3SiBr as the Lewis 
acid catalyst.  
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Since reaction of triethylphosphite with the hydroxyl group in 1b decreased the yield 
of the desired phosphonate ester 1c, the secondary hydroxyl group was protected as the 
tert-butyldimethylsilyl (TBS) ether. The TBS protection of the secondary hydroxyl in 
1b resulted in higher in the Arbuzov rearrangement step, providing an efficient route 
for synthesizing compound 1. The optimized synthesis for 1 is illustrated in Scheme 
5.3. The secondary hydroxyl group in compound 1b was protected as the TBS ether by 
reacting compound 1b with tert-butyldimethylsilyl triflate (TBS-OTf) as the silylating 
agent and 2,6-lutidine as base, to yield 1e with a relatively low yield of 48%.  Arbuzov 
rearrangement reaction on TBS protected 1e provided the phosphonate ester 1f with a 
yield of 92%. Finally, hydrolysis of 1f in 1,2-dichloroethane (1,2-DCE), using Me3SiBr 
as the Lewis acid catalyst, followed by an aqueous workup provided the desired 
phosphonic acid 1 with a yield of 94%. Based on our previous experience with chiral 
polyol-terminated alkanethiols, the enantiomeric compound 2 was also synthesized for 
studying the effect stereochemistry of the polyol-fragment on the bioinert properties of 
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the polyol SAMs. Compound 2 was synthesized following similar synthetic procedures 
as outlined for compound 1 and is illustrated in Scheme 5.3.  
Scheme 5.3 
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5.2.2 Synthesis of D-gulitol-terminated alkanephosphonic acid 
A single diasteromeric phosphonic acid 3 (D-gulitol) was also synthesized by following 
synthetic procedures similar to those outlined for compounds 1 and 2.  The synthesis of 
compound 3 is illustrated in Scheme 5.4. Briefly, compound 3a was synthesized 
following literature reported procedures.
112
 Nucleophilic substitution using excess of 
1,12-dibromododecane, afforded the bromide 3b with a yield of 46%. Protection of the 
secondary hydroxyl group in 3b as the TBS ether afforded compound 3c with a yield of 
34%. Reaction of 3c with P(OEt)3 under Arbuzov rearrangement conditions afforded the 
phosphonate ester 3d with a yield of 91%. Hydrolysis of the phosphonate ester 3d in 1,2-
DCE with Me3SiBr as the Lewis acid catalyst afforded the desired compound 3 with a 
yield of 95%. 
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Scheme 5.4 
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5.2.3 Synthesis of hydroxyl-terminated alkanephosphonic acid 
The hydroxyl-terminated alkanephosphonic acid 4 (hydroxyl) was also synthesized, to 
study the effect of the number of hydroxyl groups on the bioinert properties of the polyol 
SAMs. The synthesis of compound 4, is described in scheme 5.5. Briefly, the primary 
hydroxyl group of 12-bromo-1-dodecanol, 4a was protected as the TBS ether using TBS-
Cl as the silylating agent and imidazole as base, to afford the bromide 4b with a yield of 
88%. Compound 4b was treated with P(OEt)3 under the condition of Arbuzov 
rearrangement to afford the phosphonate ester 4c. Finally, hydrolysis of 4c with Me3SiBr 
followed by aqueous workup afforded the hydroxyl-terminated phosphonic acid 4. 
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5.2.4 Synthesis of D-gulitol modified magnetite nanoparticles (D-GPA MNP) 
D-gulitol-terminated alkanephosphonic acid, 3 was used to synthesize water-soluble 
Fe3O4 (magnetite) nanoparticles (MNP). Magnetite nanoparticles were synthesized using 
the co-precipitation method reported by Markovich and co-workers.
194
 In order to coat 
the nanoparticles with 3, the nanoparticles were stirred for 24 h in a solution of 
compound 3 in DMSO. A separate batch of nanoparticles was also stirred in DMSO 
alone. A short magnetic separation of the large particles (30 min), followed by 
decantation of the supernatant afforded a clear solution of the D-gulitol modified 
magnetite nanoparticles (D-GPA MNPs) or unmodified nanoparticles (MNPs). The 
supernatant was further subjected to prolonged magnetic decantation (24 h), which 
resulted in the modified or unmodified nanoparticles to settle at the bottom of the vial 
(Figure 5.1). During the prolonged magnetic decantation, it was interesting to note that 
the D-GPA MNPs remained in solution longer than the MNPs. Even after 24 h, the 
DMSO suspension of D-GPA MNPs was slightly darker in color than the DMSO 
suspension of the unmodified nanoparticles. 
 
Figure 5.1 Magnetic decantation of a DMSO suspension of magnetite nanoparticles 
(MNPs) and D-gulitol modified magnetite nanoparticles (D-GPA MNPs) over time 
(hours). The modified and unmodified nanoparticles are seen to collect at the bottom of 
the vial after 24 h.  
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The supernatant was discarded and the particles were washed with DMSO and 
suspended in water. While the dispersion of the D-GPA MNPs in water was clear, the 
dispersion of the MNPs showed signs of precipitation, immediately after addition of 
water. Within 8 h, while the dispersion of the D-GPA MNPs in water was still clear, the 
dispersion of MNPs precipitated out completely (Figure 5.2, 8 h). Even after 24 h, the 
sample containing the dispersion of D-GPA MNPs was stable and only showed small 
amount of precipitate formation (Figure 5.2, 24 h). Over time, D-GPA MNPs were seen 
to settle down to the bottom of the vial under gravity (Figure 5.2, 96 h), but could be 
dispersed back into solution by simply agitating the vial (Figure 5.2, 12 d).  
 
Figure 5.2 Stability of dispersion of magnetite nanoparticles (MNPs) and D-gultiol 
modified magnetite nanoparticles (D-GPA MNPs) in water over time. 
5.2.5 Size determination of D-GPA MNPs using dynamic light scattering (DLS) and 
transmission electron microscopy (TEM)  
Dynamic light scattering (DLS) on the sample of D-GPA MNPs in water revealed a 
narrow distribution of hydrodynamic size of the particles.  The average hydrodynamic 
diameter of the nanoparticles was found to be to be 36.21 ± 4.01 nm (Figure 5.3).  
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Figure 5.3 Number density from DLS showing two replicates for D-gulitol modified 
magnetite nanoparticles.   
The D-GPA MNPs sample was also analyzed using TEM. Transmission electron 
microscopy (TEM) also revealed a narrow size distribution and a roughly spherical 
morphology for the D-GPA MNPs. The average size of the D-GPA MNPs was estimated 
to be 9.37 ± 3.05 nm from the TEM image (Figure 5.4).  
 
 
Figure 5.4 Transmission electron micrograph of D-gulitol modified magnetite 
nanoparticles (D-GPA MNPs). 
108 
 
 
5.3 Conclusions and Perspectives 
This study reports the synthesis of polyol-terminated alkanephsophonic acids 1 (D-
mannitol), 2 (L-mannitol), 3 (D-gulitol) and a hydroxyl-terminated alkanephosphonic acid 
4 (hydroxyl).  
The D-gulitol-terminated alkanephosphonic acid was further used to synthesize D-
gulitol modified magnetite nanoparticles (D-GPA MNPs), to study the solubility and 
stability of these modified nanoparticles in water. The D-gulitol modified magnetite 
nanoparticles (D-GPA MNPs) were found to be soluble and stable towards agglomeration 
in water as compared to the unmodified magnetite nanoparticles (MNPs).Water-soluble 
magnetite nanoparticles have applications in magnetic resonance imaging (MRI), drug 
delivery and hyperthermia. These water-soluble D-GPA MNPs can be functionalized 
with targeting ligands or antibodies and can have potential application in targeted drug 
delivery and magnetic resonance imaging. 
Further characterization of the D-GPA MNPs using thermo gravimetric analysis 
(TGA), infrared (IR) analysis can be conducted to confirm the presence of the polyol-
terminated alkanephosphonate SAMs on the surface of these nanoparticles.  
5.4 Experimental Section  
Chemicals. Chemicals used for synthesizing all alkanephosphonic acids were 
purchased from Aldrich Chemicals (Milwaukee, WI) and used as received. DMSO was 
used as a solvent for preparing all the alkanephosphonic acid solutions. Water used had a 
resistivity of 18 MΩ cm (Millipore, Billerica, MA). 
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Synthesis of D-Gulitol Modified Magnetite Nanoparticles. Magnetite nanoparticles 
were synthesized following procedures reported by Markovich and co-workers.
194
 The 
synthesized magnetite nanoparticles (2 mg) were suspended in 1 mL of a 0.5% solution 
of compound 3 in DMSO. The suspension was sonicated at high power for 10 min 
followed by shaking at rt for 24 h. After 24 h, the undispersed magnetite nanoparticles 
were removed by short magnetic decantation (30 min). The supernatant was then 
subjected to prolonged magnetic decantation (24 h) in a vial. After 24 h, the supernatant 
was carefully removed while the vial was placed on a strong permanent magnet to keep 
the nanoparticles undisturbed at the base of the vial. The nanoparticles were rinsed 3 
times with 100 µL of DMSO (to remove unreacted 3) while the vial was placed on the 
magnet. During the rinsing step, the vial was gently moved across the surface of the 
magnet to enable efficient rinsing of the nanoparticles with DMSO. Finally, after 
removing the DMSO, the nanoparticles were re-suspended in water. The same treatment 
was applied to the unmodified magnetite nanoparticles except that the nanoparticles were 
not treated with any alkanephosphonic acid. 
Dynamic Light Scattering (DLS). DLS experiments were performed on a 
MALVERN zetasizer nanoseries (MALVERN Instruments Ltd. Worcestershire, U.K.) 
instrument at a scattering angle of 173°. A solution of the D-gulitol modified magnetite 
nanoparticles in water was used for DLS measurements. 
Transmission Electron Microscopy (TEM). TEM measurements were performed on 
a JEOL 2000 EX instrument operated at 120 kV with tungsten filament (SUNY-ESF, 
N.C Brown Center for Untrastructure Studies). A dilute solution of D-gulitol modified 
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magnetite nanoparticles in water was drop casted on a carbon coated copper grid and 
directly visualized under the transmission electron microscope. Particle size was analyzed 
manually using CorelDRAW X5 image processing software, by modeling each particle as 
a sphere and the standard deviation in the size of the particles was determined over 20 
particles. 
Details for the Synthesis of Alkanephosphonic Acids 
General Information for Synthesis of Alkanephosphonic Acids. The processes 
involving reactants sensitive to moisture or air were carried out under an atmosphere of 
argon using oven-dried glassware. Reagents and solvents were reagent grade and used as 
supplied unless otherwise mentioned. THF was distilled from sodium benzophenone. 
Solvents were removed under reduced pressure using rotary evaporator below 40 ºC. 
Silica Gel 60 F254 precoated plates (0.25-mm thickness, EMD) were used for TLC and a 
solution of phosphomolybdic acid/ceric sulfate/sulfuric acid (10g : 1.25 g : 8% 250 mL), 
followed by charring at ~ 150 ºC, was used for visualization. Flash column 
chromatography was performed using SILICYCLE, Silica-P Flash Silica Gel with 40-
63μ mesh size. NMR spectra (1H, 13C) were recorded on 300 MHz Bruker instrument.  1 
H,
 13 
C NMR spectra were recorded on 300 MHz and
 31
P NMR spectra recorded on 500 
MHz Bruker instrument. 
1
H chemical shifts are reported in ppm relative to CDCl3 δ 7.26. 
13
C chemical shifts are reported relative to CDCl3 δ 77.23 and 
31
 P chemical shifts relative 
to H3PO4 set at δ 0.0. (High Resolution Mass Spectra) HRMS was recorded by positive 
ion electrospray on a Bruker 12 Tesla APEX –Qe FTICR-MS with Apollo II ion source. 
ESI-MS obtained on Shimadzu 2010 instrument. 
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Br
10
(1b)      
NaH (0.031 g, 60% by wt in mineral oil, 0.783 mmol) was added to a solution of 
compound 1a
201-202
 (0.158 g, 0.602 mmol) in THF (2 mL) at  -78 °C. The reaction 
mixture was warmed up to 0
 
°C and was stirred at 0 °C for 90 min. A solution of 1,12-
dibromododecane (0.791 g, 2.411 mmol) in THF (3 mL) was drop wise via a cannula to 
the reaction mixture at 0 °C. The reaction mixture was stirred at rt for 2 d and then 
quenched with water. The aqueous phase was extracted with EtOAc and the combined 
organic phase was dried over anhydrous Na2SO4. The crude product was obtained as 
colorless oil after evaporation of solvent. The crude product was purified using flash 
silica gel column (20% EtOAc in Hexane) to obtain 1b (0.097 g, 30%) as white solid 
after evaporation of solvent. Rf = 0.37 (20% EtOAc in Hexane). 
1
H NMR (300 MHz, 
CDCl3): δ 4.38-4.32 (m, 2H), 4.12-3.98 (m, 3H), 3.79-3.65 (m, 2H), 3.52-3.46 (m, 3H), 
3.55 (t, JH-H = 6.8 Hz, 2H), 1.88-1.78 (m, 2H), 1.51(s, 3H), 1.42 (s, 3H), 1.41 (s, 3H), 
1.35 (s, 3H), 1.25 (br s, 18H). 
13
C NMR (75 MHz, CDCl3): 109.4, 108.6, 76.0, 75.9, 75.9, 
72.3, 70.8, 69.14, 67.5, 34.2, 33.0, 29.7, 29.6, 28.9, 28.3, 27.1, 26.7, 26.2, 25.5, 25.0. 
HRMS: found 531.2296 [M + Na]
 +
, calcd for [C24H45BrO6 + Na]
 +
 531.2292. 
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(1c) 
A solution of compound 1b (0.057g, 0.112 mmol) in freshly distilled P(OEt)3 (7 mL) was 
heated at 180 °C overnight. Concentration of the reaction mixture under high vacuum 
gave a colorless oily residue. Preparative TLC (80% EtOAc in Hexane) of the colorless 
residue provided 1c’ and desired 1c (0.016g, 25.4%).  
Data for 1c’: 
Rf = 0.11 (80% EtOAc in Hexane). 
1
H NMR (300 MHz, CDCl3): δ 8.16 (d, J = 34.7 Hz, 
0.5H), 5.76 (d, J = 28.9 Hz, 0.5H), 4.77-4.54 (m, 0.5H), 4.33-3.92 (m, 11H), 3.74-3.70 
(m, 1H), 3.59-3.38 (m, 3H), 1.40 (s, 3H), 1.36 (s, 3H), 1.32 (br s, 13H), 1.31 (br s, 5H), 
1.30 (s, 3H), 1.28-1.19 (br s, 16H). 
13
C NMR (75 MHz, CDCl3): δ 110.9, 110.2, 77.5, 
77.4, 77.2, 73.4, 69.7, 66.3, 63.1, 62.8, 62.7, 32.0, 31.2, 31.1, 31.0, 28.8, 27.9, 27.6, 27.0, 
26.6, 23.9, 18.0, 17.9, 17.7. 
31
P NMR (200 MHz, CDCl3): δ 35.81, 34.78, 12.19, 11.62, 
8.65, 8.04. HRMS: found 681.3492 [M + Na]
+
, calcd for [C30H60O11P2 + Na]
+ 
681.3503. 
Data for 1c: 
Rf = 0.19 (80% EtOAc in Hexane). 
1
H NMR (300 MHz, CDCl3): δ 4.38 (br, s, 2H), 4.12-
4.00 (m, 7H), 3.81-3.66 (m, 2H), 3.54-3.48 (m, 3H), 3.15 (d, JH-H= 6.1 Hz, 1H), 1.52 (s, 
3H), 1.41 (s, 3H), 1.39 (s, 3H), 1.35 (s, 3H), 1.25 (br, s, 18H). 
13
C NMR (75 MHz, 
CDCl3): δ 109.6, 108.7, 76.0, 75.9, 75.9, 72.4, 70.9, 69.2, 67.6, 61.6, 61.6, 30.9, 29.8, 
O O
O
O
O
OH
P
10
O
O
O
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29.6, 29.3, 27.1, 26.8, 26.2, 25.1, 16.7, 16.6. 
31
P NMR (200 MHz, CDCl3): δ 34.78. 
HRMS: found 589.3465 [M + Na]
+
, calcd for [C28H55O9P + Na]
+
  589.3476. 
 
 
       (1d) 
Compound 1c’ (0.117 g, 0.177 mmol) was suspended in 15 mL of 1N HCl and refluxed 
for 1h. The reaction mixture was brought to room temperature and neutralized by drop 
wise addition of aq 1N NaOH. Water was evaporated under reduced pressure to yield a 
white residue. The residue was washed with THF and the washings were filtered through 
a pad of celite. The filtrate was concentrated to yield 1d (0.082 g, quantitative) as a 
colorless sticky solid. 
1
H NMR (300 MHz, MeOD): δ 4.06 (br d, 4H), 3.73 (br d, 7H), 
3.49 (br s, 3H), 1.55 (br s, 4H), 1.30 (br s, 24H) .
 13C NMR (75 MHz, MeOD): δ 74.2, 
72.9, 72.8, 71.6, 71.4, 71.1, 65.1, 63.2, 63.2, 31.7, 31.5, 30.8, 30.8, 30.6, 30.3, 27.3, 26.8, 
24.9, 23.5, 23.5, 16.9, 16.8.
 31
P NMR (200 MHz, CDCl3): δ 34.73.  HRMS: found 
509.2831[M + Na]
+
, calcd for [C22H47O9P + Na]
+
 509.2849. 
 HO OH
HO
HO
O
OH
P
10
O
O
O
 (1’) 
To a dry solution of 1d (0.0739g, 0.152 mmol) in 1,2-DCE was added Me3SiBr (0.06 
mL, 0.456 mmol) drop wise. The reaction mixture was stirred at rt for the next 6 h. The 
solvent was evaporated and 10 mL of MeOH was added to the residue and the mixture 
HO OH
HO
HO
O
OH
P
10
O
O
O
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was stirred at rt for 15 h. The solvent was evaporated and the residue obtained was 
dissolved in MeOH and the product 1’ (0.0498 g, 71.51%) was precipitated out as a white 
solid by adding diethyl ether. 
1H NMR (300 MHz, MeOD): δ 4.08-3.99 (m, 1H), 3.78-
3.70 (br m, 3H), 3.68-3.61 (m, 3H), 3.57-3.47 (m, 3H), 1.77-1.57 (m, 5H), 1.30 (br s, 
17H). 
13C NMR (75MHz, MeOD): δ 74.1, 73.01, 72.8, 71.7, 71.3, 65.2, 31.9, 31.6, 30.8, 
30.6, 30.4, 27.3, 26.1, 23.8, 16.9. 
31P NMR (200 MHz, MeOD) δ 33.68. HRMS: found 
481.2537 [M + Na]
+
, calcd for [ C20H43O9P + Na]
+
 481.2537.  
O O
O
O
O
OTBS
Br
10
(1e) 
To a solution of compound 1b (0.300 g, 0.590 mmol) in DCM (15 mL) was added 2,6-
lutidine (0.13 mL, 1.151 mmol) at 0 °C followed by drop wise addition of TBS-OTf (0.54 
mL, 2.361 mmol) over 5 min. The reaction mixture was stirred at 0 °C for 3 h and then 
quenched by adding saturated solution of NaHCO3. The aqueous phase was extracted 
with DCM and the combined organic phase was dried over anhydrous Na2SO4. 
Evaporation of solvent afforded the crude product as colorless oil. The crude product was 
purified using silica gel column (20% EtOAc in Hexane) to obtain 1e (0.146 g, 48%) as a 
yellow oil after evaporation of solvent. Rf = 0.43 (15% EtOAc in Hexane). 
1
H NMR (300 
MHz, CDCl3): δ 4.17-3.84 (m, 6H), 3.57-3.52 (m, 1H), 3.40-3.36 (br m, 5H), 1.88-1.78 
(m, 2H), 1.59-1.51 (br m, 2H), 1.43 (s, 3H), 1.39(s, 3H), 1.30 (s, 6H), 1.25 (br s, 16H), 
0.87 (s, 9H), 0.10 (s, 3H), 0.09 (s, 3H) . 
13
C NMR (75 MHz, CDCl3): δ 109.1, 107.9, 
79.5, 77.0, 76.2, 71.9, 71.1, 70.4, 66.5, 34.1, 33.0, 29.8, 29.74, 29.70, 29.65, 29.60, 28.9, 
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28.35, 28.26, 26.5, 26.3, 26.1, 25.9, 25.4, 18.7, -3.8, -4.3. HRMS: found 645.3143 [M + 
Na]
 +
, calcd for [C30H59BrO6Si + Na]
 +
 645.3156. 
O O
O
O
O
OTBS
P
10
O
O
O
(1f) 
To compound 1e (0.138 g, 0.220 mmol) was added freshly distilled P(OEt)3 (0.18 mL, 
1.103 mmol) and the mixture was heated at 150 °C for 8 h. The reaction mixture was 
cooled to rt and the loaded directly on to the silica gel column (50 % EtOAc in Hexane) 
to obtain pure product 1f (0.138 g, 92%) as a yellow oil after evaporation of solvent. Rf = 
0.28 (80% EtOAc in Hexane). 
1
H NMR (300 MHz, CDCl3): δ 4.17-3.82 (m, 10 H), 3.55-
3.50 (m, 1H), 3.44-3.33 (br m, 3H), 1.74-1.49 (m, 6H), 1.49 (s, 3H), 1.42 (s, 3H), 1.37(s, 
3H), 1.31 (br s 8H), 1.28 (s, 3H), 1.26 (br s 14H), 0.86 (s, 9H), 0.08 (s, 3H), 0.07 (s, 3H).
 
13
C NMR (75 MHz, CDCl3): δ 109.1, 107.9, 79.5, 77.0, 76.2, 71.9, 71.1, 70.4, 66.4, 61.6, 
61.5, 30.9, 30.7, 29.8, 29.7, 29.6, 29.5, 29.4, 29.3, 29.2, 28.2, 26.8, 26.5, 26.3, 26.1, 25.9, 
25.4, 24.9, 22.6, 22.5, 18.6, 16.7, 16.6, -3.8, -4.3. 
31
P NMR (200MHz, CDCl3) δ 
34.68.HRMS: found 703.4338 [M + Na]
 +
, calcd for [C34H69O9PSi + Na]
 +
 703.4341. 
HO OH
HO
HO
O
OH
P
O
OH
OH10
(1) 
Me3SiBr (0.13 mL, 1.010 mmol) was added drop wise to a solution of compound 1f 
(0.138 g, 0.203 mmol) in freshly distilled1,2-DCE (3 mL) at rt and the reaction mixture 
was stirred at rt for the next 24 h. The solvent was evaporated and to the residue was 
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added water (3 mL) at rt and the mixture was stirred at rt for the next 24 h. The water was 
evaporated and the residue was washed with Et2O (5 mL × 5) and DCM (5 mL × 5) to 
obtain pure compound 1 (0.081 g, 94%) as a white solid on drying. 
1
H NMR (300 MHz, 
DMSO-d6): δ 5.83 (br s, 5H), 3.61-3.42 (m, 5H), 3.41-3.28 (m, 5H), 1.47-1.44 (br m, 
4H), 1.23 (br s, 18H). 
13
C NMR (75 MHz, DMSO-d6): δ 73.3, 71.3, 70.6, 69.7, 69.5, 
63.9, 30.2, 30.0, 29.3, 29.0, 28.9, 28.7, 28.4, 26.6, 25.7, 22.74, 22.69. 
31
P NMR 
(200MHz, DMSO-d6) δ 28.55. HRMS: found 453.2230 [M + Na]
 +
, calcd for [C18H39O9P 
+ Na]
 +
 453.2224. 
O O
O
O
O
OH
Br
10
(3b) 
NaH (0.1888 g, 60% by wt in mineral oil, 4.719 mmol) was added to a solution of 
compound 3a
112
 (0.618 g, 2.359 mmol) in THF (10 mL) at -78 °C. The reaction mixture 
was warmed up to 0
 
°C and was stirred at 0 °C for 90 min. A solution of 1,12-
dibromododecane (3.097 g, 9.438 mmol) in THF (10 mL) was added drop wise to the 
above reaction mixture via a cannula at 0 °C and the reaction mixture was stirred at rt for 
2 d. The reaction was quenched by addition of water and the aqueous phase extracted 
with EtOAc. The combined organic phase was dried over anhydrous Na2SO4 and the 
crude product was obtained as colorless oil after evaporation of solvent. The crude 
product was purified using flash silica gel column (20% EtOAc in Hexane) to obtain 3b 
(0.249 g, 46%, calculated from recovered 3a) as a yellow oil after evaporation of solvent. 
Rf = 0.25, (20% EtOAc in Hexane). 
1
H NMR (300 MHz, CDCl3): δ 4.34-4.23 (m 2H), 
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4.21-4.02 (dd, JH-H = 6.5 Hz, 3.2 Hz, 1H), 4.04 (dt, JH-H = 7.3 Hz, 1.5 Hz, 1H), 3.84 (t, JH-
H = 7.3 Hz, 1H), 3.74-3.69 (m, 2H), 3.60 (dd, JH-H = 10.1 Hz, 4.6 Hz, 1H ), 3.50-3.38 (m, 
4H), 2.94 (d, JH-H = 6.3 Hz, 1H), 1.90-1.80 (m, 2H), 1.59-1.54 (m, 2H), 1.50 (s, 3H), 1.45 
(s, 3H), 1.38 (s, 3H), 1.37 (s, 3H), 1.27 (br s, 6H). 
13
C NMR (75 MHz, CDCl3): δ 109.6, 
108.8, 76.8, 75.9, 72.1, 69.7, 69.3, 66.1, 34.1, 33.0, 29.7, 29.6, 29.5, 28.9, 28.3, 27.1, 
26.7, 26.2, 25.9, 25.5, 25.2. HRMS found = 531.1196 [M + Na]
+ 
, calcd for [C24H45BrO6 
+ Na] 
+ 
= 531.2292. 
O O
O
O
O
OTBS
Br
10
(3c) 
To a solution of compound 3b (0.242 g, 0.477 mmol) in DCM (10 mL) was added 2,6-
lutidine ( 0.11 mL, 0.930 mmol) at 0 °C, followed by drop wise addition of TBS-OTf ( 
0.44 mL, 1.908 mmol) over 5 min. The reaction mixture was stirred at 0 °C for 3 h and 
then quenched by adding saturated solution of NaHCO3. The aqueous phase was 
extracted with DCM and the combined organic phase was dried over anhydrous Na2SO4 
to afforded the crude product as colorless oil after evaporation of solvent. The crude 
product was purified using silica gel column (100% Hexane → 2% EtOAc in Hexane) to 
obtain 3c (0.223 g, 75%) as a yellow oil after evaporation of solvent. Rf = 0.43 (15% 
EtOAc in Hexane). 
1
H NMR (300 MHz, CDCl3): δ 4.26-4.19 (m, 3H), 3.95-3.87 (m, 3H), 
3.57-3.55 (m, 1H), 3.44-3.37 (m, 5H), 1.89-1.80 (m, 2H), 1.54-1.52 (m, 2H), 1.43 (s, 
3H), 1.42 (s, 3H), 1.33 (s, 6H), 1.26 (br s, 16H), 0.90 (s, 9H), 0.11 (s, 3H), 0.10 (s, 3H). 
13
C NMR (75 MHz, CDCl3): δ 109.5, 108.1, 77.9, 76.8, 76.0, 71.8, 70.6, 70.3, 66.0, 34.2, 
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33.0, 29.9, 29.80, 29.76, 29.72, 29.7, 29.6, 29.0, 28.4, 28.0, 26.5, 26.4, 26.3, 25.75, 
25.70,18.8,-3.8,-4.2. HRMS: found 645.3159 [M + Na]
 +
, calcd for [C30H59BrO6Si + Na]
 
+
 645.3156. 
O O
O
O
O
OTBS
P
10
O
O
O
(3d) 
To compound 3c (0.067 g, 0.108 mmol) was added freshly distilled P(OEt)3 (0.09 mL, 
0.534 mmol) and the reaction mixture was heated at 150 °C for 8 h. The reaction mixture 
was cooled down to rt and loaded directly onto silica gel column (80% EtOAc in Hexane) 
to obtain pure compound 3d (0.067 g, 91%) as yellow oil after evaporation of solvent. Rf 
= 0.28 (80% EtOAc in Hexane).
 1
H NMR (300 MHz, CDCl3): δ 4.24-3.84 (m, 10H), 
3.58-3.53 (m, 1H), 3.47-3.32 (m, 3H), 1.76-1.53 (m, 6H), 1.42 (s, 3H), 1.40 (s, 3H), 1.32-
1.28 (m, 14H), 1.24 (s, 14H), 0.88 (s, 9H), 0.10 (s, 3H), 0.08 (s, 3H). 
13
C NMR (75 MHz, 
CDCl3): 109.5, 108.1, 77.9, 76.7, 76.0, 71.8, 70.6, 70.2, 65.9, 61.6, 61.5, 51.5, 30.9, 30.7, 
29.9, 29.82, 29.79, 29.7, 29.65, 29.57, 29.3, 28.0, 26.8, 26.5, 26.4, 26.3, 25.72, 25.66, 
24.9, 22.6, 22.5, 18.7, 18.2, 16.7, 16.6, 10.3, -4.2, -3.9. 
31
P NMR (200 MHz, CDCl3) δ 
34.61. HRMS: found 703.4325 [M + Na]
 +
, calcd for [C34H69O9PSi + Na]
 +
 703.4341. 
HO OH
HO
HO
O
OH
P
10
O
OH
OH
(3) 
Me3SiBr (0.21 mL, 1.628 mmol) was added drop wise to a solution of compound 3d 
(0.222 g, 0.326 mmol) in freshly distilled1,2-DCE (5 mL) at rt and the reaction mixture 
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was stirred at rt for the next 24 h. The solvent was evaporated and to the residue was 
added water (5 mL) and the mixture was stirred for the next 24 h. Water was evaporated 
and the residue was washed with Et2O (5 mL × 5) and DCM (5 mL × 5) to obtain pure 
compound 3 (0.133 g, 95%) as a white solid on drying. 
1
H NMR (300 MHz, DMSO-d6): 
δ 5.35 (br s, 5H), 3.65-3.27 (m, 10H), 1.46-1.44 (br m, 4H), 1.22 (br s, 18H). 13C NMR 
(75 MHz, DMSO-d6): δ 73.7, 72.8, 72.3, 70.6, 69.9, 68.7, 62.5, 30.2, 30.0, 29.3, 29.1, 
29.04, 28.98, 28.7, 28.4, 26.6, 25.7, 22.74, 22.69. 
31
P NMR (200MHz, DMSO-d6) δ 
28.55. HRMS: found 453.2228 [M + Na]
 +
, calcd for [C18H39O9P + Na]
 +
 453.2224. 
Br OTBS
10   (4b) 
Imidazole (0.443 g, 6.504 mmol)  was added to a solution of 12-bromododecanol, 4a 
(0.519 g, 1.959 mmol) in DCM (20 mL) at 0 °C. TBS-Cl (0.443 g, 2.938 mmol) was 
added to the reaction mixture portion wise at 0 °C  and the reaction mixture was stirred at 
0 °C for a while and then warmed up to rt. The reaction was quenched by adding 
saturated solution of NaHCO3 and the aqueous layer extracted with DCM. The combined 
organic phase were dried over anhydrous Na2SO4 and evaporation of solvent gave the 
crude product as colorless oil. The crude product was purified with silica gel column 
(1%→5% EtOAc in Hexane) to yield the pure product 4b (0.656 g, 88%) as a yellow oil 
after evaporation of solvent. Rf = 0.40 (4% EtOAc in Hexane).
 1
H NMR (300 MHz, 
CDCl3): δ 3.59 (t, JH-H = 6.6 Hz, 2H), 3.41 (t, JH-H = 6.9 Hz, 2H), 1.90-1.80 (m, 2H), 
1.54-1.39 (m, 4H), 1.27 (br s, 16H), 0.89 (s, 9H), 0.05 (s, 6H). 
13
C NMR (75 MHz, 
CDCl3): δ 63.5, 34.2, 33.11, 33.07, 29.83, 29.77, 29.74, 29.6, 29.0, 28.4, 26.2, 26.0, 18.6, 
-5.0. HRMS: found 401.1847 [M + Na]
 +
, calcd for [C18H39BrOSi + Na]
 +
 401.1846. 
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P OTBS
10
O
O
O
(4c) 
To compound 4b (0.400 g, 1.054 mmol) was added freshly distilled P(OEt)3 (0.18 mL, 
1.054 mmol) and the reaction mixture was heated at 150 °C for 8 h. The reaction mixture 
was cooled to rt and directly loaded onto silica gel column (80% EtOAc in Hexane) to 
obtain pure compound 4c (0.443 g, 96%) as yellow oil after evaporation of solvent. Rf = 
0.28 (80% EtOAc in Hexane).
 1
H NMR (300 MHz, CDCl3): δ 4.15-4.02 (m, 4H), 3.59 (t, 
JH-H = 6.6 Hz, 2H), 1.78-1.45 (m, 6H), 1.34-1.29 (m, 8H), 1.26 (br s, 14H), 0.89 (s, 9H), 
0.04 (s, 6H).
 13
C NMR (75 MHz, CDCl3): δ 63.5, 61.6, 61.5, 33.1, 30.9, 30.7, 29.83, 
29.77, 29.65, 29.59, 29.3, 26.8, 26.2, 26.0, 25.0, 22.64, 22.58, 18.6, 16.7, 16.6, -5.0.
31
P 
NMR (200 MHz, CDCl3) δ 34.68. HRMS: found 459.3022 [M + Na]
 +
, calcd for 
[C22H49O4PSi + Na]
 +
 459.3029. 
PHO
10
O
OH
OH
(4) 
Me3SiBr (0.45 mL, 3.435 mmol) was added drop wise to a solution of compound 4c 
(0.300 g, 0.687 mmol) in freshly distilled 1,2-DCE (7 mL) at rt and the reaction mixture 
was stirred at rt for the next 24 h. The solvent was evaporated and to the residue was 
added water (7 mL) and the mixture was allowed to stir at rt for the next 24 h. The water 
was evaporated and the residue was washed with Et2O (5 mL × 5) and DCM (5 mL × 5) 
to obtain pure compound 4 (0.156 g, 85%) as a white solid after drying.
 1
H NMR (300 
MHz, DMSO-d6): δ 8.10 (br s, 2H), 3.36 (t, JH-H = 6.0 Hz), 1.45-1.39 (m, 4H), 1.24 (br s, 
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18H). 
13
C NMR (75 MHz, DMSO-d6): δ 60.7, 32.6, 30.2, 30.0, 29.1, 29.05, 29.0, 28.9, 
28.7, 28.4, 26.6, 25.5, 22.7.
 31
P NMR (200 MHz, DMSO-d6) δ 28.48. HRMS: found 
289.1540 [M + Na]
 +
, calcd for [C12H27O4P + Na]
 +
 289.1539. 
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Chapter 6 
Adamantane Tethered Brominated Furanones - Towards a 
Multifunctional Interface for Controlling Biofilm Formation 
Summary 
Using antibiotic agents is one viable approach for controlling the root cause of biofilm 
formation. Antibiotics generally target cellular processes essential for bacterial survival 
and hence their long-term use stimulates bacterial evolution by creating selective pressure 
for antibiotic resistant mutations. Biofilm formation is one consequence of bacterial cell-
cell communication called quorum sensing. Inhibiting quorum sensing is a promising 
approach to control biofilm formation or biofilm related infections. Quorum sensing 
inhibitors do not target cellular processes that are vital for bacterial survival; hence, 
bacterial cells are less likely to develop mutations against quorum sensing modulators.  
While surfaces can be engineered to resist the attachment of bacteria or biofilm, such 
surfaces are compromised due to chemical degradation or are overpowered due to 
excessive biofilm formation. Covalent immobilization of quorum-sensing inhibitors on 
surfaces has been reported, however immobilization chemistries are either ambiguous or 
can lead to alteration of the active structure of the inhibitors. Another viable approach is 
non-covalent immobilization of the quorum sensing inhibitors in a suitable synthetic 
matrix on the surface, to modulate their release and uptake. Moreover, such a surface has 
the potential for regeneration by simple treatment of the surface with more inhibitor in 
time. Using a porous hydrogel material as the synthetic matrix can provide a large surface 
area for non-covalent immobilization of the inhibitors and a larger surface area for the 
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bacteria to tackle. Some natural and synthetic brominated furanones are known to inhibit 
biofilm formation. Here, the synthesis of adamantane tethered brominated furanones is 
reported, which will be non-covalently encapsulated in a beta-cylclodextrin (βCD) 
functionalized porous hydrogel material. This non-covalent immobilization chemistry 
will utilize the interactions between the hydrophobic adamantane moiety and 
hydrophobic annular cavity of βCD. The present work reports the effect of the 
adamantane tethered brominated furanones alone on the growth of Escherichia coli and 
their ability to inhibit biofilm by the bacterium. The synthesized adamantane tethered 
brominated furanones were found to be non-toxic to E. coli and were able to reduce 
biofilm formation by ~40% at 200 µM.  
6.1 Introduction and Goal 
6.1.1 Molecular inhibition of biofilm formation 
While one approach for controlling bacterial biofilm formation and related infections 
on surfaces is to design surfaces which can resist the attachment of bacteria or biofilm,
68, 
75-76
 the other approach is to use molecules which can inhibit the formation of biofilm.
8
 
While conventional antibiotics are able to kill planktonic bacterial cells and eradicate the 
root cause of bacterial infections, antibiotics fail when it comes to killing bacterial cells 
within a biofilm. Antibiotics are unable to kill the metabolically dormant bacterial cells 
within a biofilm that is also generally impermeable to antibiotics.
6, 157
 Antibiotics 
generally target cellular processes essential for bacterial survival and hence their long-
term use stimulates bacterial evolution by creating selective pressure for antibiotic 
resistant mutations.
206-207
 Once the bacterial cells develop resistance to antibiotics, even 
high doses of the antibiotics are unable to treat bacterial infections. Another approach to 
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control biofilm and biofilm related infection is to inhibit biofilm formation with agents, 
which are not bactericidal and do not give way to drug-resistant mutations.   
6.1.2 Biofilm formation is one consequence of quorum sensing 
Biofilm formation is once consequence of bacterial cell-cell signaling called “quorum 
sensing”. Bacteria use small molecule signaling pathways to coordinate population wide 
gene expression through processes called “quorum sensing”.87, 131, 147 Bacterial cells 
synthesize small organic molecules called autoinducers (AI) and release these diffusible 
molecules into the surrounding medium. As the number of bacterial cells increase, the 
concentration of these autoinducers in the surrounding medium also increases. When the 
concentration of these autoinducers reaches a threshold value, the autoinducers bind to 
their cognate receptors within the bacterial cells and initiate a signal transduction 
pathway that leads to population wide changes in gene expression. Quorum sensing 
enables bacterial cells within a colony to behave cooperatively thus conferring a form of 
multicellularity to the otherwise unicellular bacterium.
87
 Quorum sensing also initiates a 
number of other processes in bacteria including virulence factor production, antibiotic 
production, biofilm formation, swarming motility, bioluminescence, root nodulation, 
sporulation and conjugation.
131
  
6.1.3 Developing quorum sensing inhibitors for controlling biofilm formation  
Another approach for controlling biofilm formation and related infections is to inhibit 
the process of quorum sensing. Although quorum sensing is essential for bacterial group 
behavior, it is not essential for survival
208
 and hence inhibiting quorum sensing does not 
give way to drug-resistant mutations commonly associated with antibacterial 
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treatments.
209
 Quorum sensing circuits in bacteria comprise of small signaling molecules 
called autoinducers, proteins that synthesize these autoinducers and proteins that function 
as the cognate receptors for the autoinducers.
87
 To inhibit quorum sensing we can disrupt 
the signaling process by either inhibiting proteins that are involved in the synthesis or 
sensing of the autoinducers, or we can devise ways of destroying the signaling molecules 
(autoinducers) itself.
7, 208
 
Gram-negative bacteria use small signaling molecules called autoinducer-1 (AI-1) for 
quorum sensing while gram-positive bacteria use small cyclic peptides called 
autoinducing peptides (AIP) for signaling.
87
 Another class of signaling molecules called 
autoinducer-2 (AI-2)
210-211
 have been identified for both gram-negative and gram-positive 
bacteria and is a possible means by which different bacterial species can communicate 
with each other.
212
 The AI-1 based quorum sensing circuit involves a class of signaling 
molecules called the N-acylated-L-homoserine lactones (AHLs), while the AI-2 system 
involves a class of molecules which are based on, or are derivatives of, 4,5-dihydroxy-
2,3-pentanedione (DPD).
87
 The first AI-1 based quorum sensing circuit was indentified in 
bioluminescent marine bacterium Vibrio fischeri.
129
 The quorum sensing circuit in Vibrio 
fischeri is associated with the autoinducer N-3-oxohexanoylhomoserine lactone (OHHL) 
and comprises of the proteins LuxI and LuxR that are involved in the synthesis and 
detection of OHHL respectively.
7, 87, 130
 The AI-1 based quorum-sensing circuits 
identified in other bacterial species are composed of LuxI-type and LuxR-type proteins 
and have their own specific autoinducers.
7, 87
 
A number of quorum-sensing modulators are reported in the literature, which can target 
both the AI-1 and AI-2 based quorum-sensing circuits.
8
 These small molecule inhibitors 
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are either structural mimics of AHLs associated with the AI-1 system or structural 
mimics of DPD and its derivatives associated with the AI-2 system. The X-ray crystal 
structure of a few LuxR-type proteins bound to their natural AHL ligands have been 
reported
213-218
 and such information has been useful in developing synthetic analogs of 
the natural AHLs.
8
 Blackwell and co-workers have provided a comprehensive review of 
the structure activity relationship (SAR) for synthetic AHL analogs spanning a number of 
bacterial species but focusing on the quorum sensing circuits involving the LuxR-type 
proteins of Vibrio fischeri (LuxR), Pseudomonas aeruginosa (LasR and RhlR), 
Agrobacterium tumefaciens (TraR) and Erwinia carotovora (CarR).
7
 Blackwell and co-
workers have also reported the synthesis and evaluation of AHL analogs, using small-
molecule microarrays and identified quorum-sensing inhibitors for Vibrio fischeri and 
Chromobacterium violaceum.
219
 Lee, Yoon and co-workers have recently reported the 
synthesis of AHL analogs against the TraR quorum sensing receptor for Agrobacterium 
tumefaciens and found that some of the analogs were able to inhibit biofilm formation for 
both Agrobacterium tumefaciens and the pathogenic bacteria Pseudomonas 
aeruginosa.
220
 
6.1.4 Brominated furanone as quorum sensing inhibitors 
Sticher and co-workers have reported the isolation of a number of halogenated 
furanone compounds from extracts of the marine algae Delisea pulchra (Figure 6.1).
221
 
The isolated furanones have been shown to exhibit antimicrobial properties and were also 
capable of preventing surface colonization by bacteria.
222
 Kjelleberg and co-workers have 
reported that the biological activity of the isolated haloginated furanones could be due to 
their interference with AHL based quorum sensing circuits.
223
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Figure 6.1 Few brominated furanones isolated from extracts of Delisea pulchra. Figure 
adapted from review by Spring and co-workers.
8
  
Luk and co-workers have reported a study to identify the key structural elements in 
brominated furanones, responsible for their inhibitory activity against biofilm formation 
by E. coli.
160
 Although E. coli itself does not have an AHL-based quorum sensing circuit, 
it does posess a LuxR-type receptor called SdiA,
224-225
 and hence can respond to AHL 
signals from other bacteria or to synthetic AHL based quorum sensing modulators.
224-225
 
Luk and co-workers synthesized seven synthetic brominated furanone compounds
160
 
(Figure 6.2), and identified that the presence of an exocyclic vinyl bromide was crucial 
but a vinyl bromide within the furanone ring was not crucial for biofilm inhibitory 
activity. They also identified that a bromine group on the saturated carbon atom 
decreased biofilm inhibitory activity of the brominated furanones. 
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Figure 6.2 Structure of the synthetic brominated furanones synthesized by Luk and co-
workers to identify key structural features crucial for inhibitory activity against biofilm 
formation by E. coli. Figure adapted and modified from the report by Luk and co-
workers.
160
 
6.1.5 Functionalizing surfaces with anti-biofouling agents 
There have been a few attempts to functionalize surfaces with brominated furanone.
226-
227 
These methods involve covalent attachment of the brominated furanones to a surface 
with an undefined bonding identity. Brominated furanones are believed to be internalized 
within the bacterial cells, where they bind and inhibit proteins which are part of the 
quorum sensing circuit.
8
 Hence, covalent attachment of brominated furanones to surfaces 
might prevent their internalization within the bacterial cells. Moreover, the surface 
immobilization chemistry
227
 may also compromise the active structure of the furanones. 
Surface modifications with anti-biofouling SAMs can also be compromised in time due 
to formation of a “conditioning” film composed of microbial secretions. This difficulty 
can be overcome by coating the surface with porous hydrogels, which non-covalently 
encapsulate quorum-sensing inhibitors. Modulating the release of the inhibitors, together 
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with the large surface area provided by the hydrogel material, will ensure prevention and 
control of biofilm formation and provide a multifunctional interface for studying and 
quorum sensing related processes.  
Here, the synthesis of adamantane tethered brominated furanones 1-5 (Scheme 6.1) is 
reported, for non-covalent encapsulation these furanones  in porous hydrogel material
228
 
which are covalently modified with beta-cyclodextrin (βCD) groups.229 Its worth noting 
that the adamantane moiety is also a part of few reported antibacterial drugs.
230
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β-cyclodextrin (βCD) molecule has a truncated cone structure ,with a cavity lined with 
H3, H5 protons and lone pairs of the glycosidic oxygen atoms lying in a plane (Scheme 
6.2), making the cavity hydrophobic to encapsulate the hydrophobic adamantane 
moeity.
231
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Scheme 6.2 
 
A porous hydrogel material with covalently tethered beta-cyclodextrin (βCD) groups 
can non-covalently encapsulate the adamantane moiety in compounds 1-5. This non-
covalent encapsulation chemistry (Scheme 6.3) can be used to modulate the release and 
uptake of these brominated furanones from the hydrogel material. 
Scheme 6.3 
 
Conditions:  Steps a through b.
232
 Steps c through d
233
 (all but encapsulation of 
adamantane tethered brominated furanones) 
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6.2 Results and Discussion 
6.2.1 Towards the synthesis of adamantane tethered brominated furanone compounds 
I first attempted the synthesis of compound 1, where the brominated furanone moiety is 
structurally similar to two reported synthetic brominated furanones 6 and 7 (Figure 6.3).
8
  
Luk and co-workers have reported that compound 6 is active against biofilm formation 
by E. coli.
160
 While compound 6 is reported to be non-toxic to E. coli at ~ 200 µM,
160
 
compound 7 was found to be toxic to E. coli at 200 µM (see below). 
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Figure 6.3 Structure of brominated furanones reported in the literature active against 
biofilm formation by E. coli. 
The synthesis of compound 1 is depicted in Scheme 6.4. Briefly, nucleophilic 
substitution of excess of 1,5-dibromopentane with commercially available 1-
adamantanemethanol, 1a provided the bromide 1b in 18% yield. Deprotonation of 
diethylmalonate with NaH and nucleophilic substitution of the bromide 1b provided the 
diethyl ester 1c in 64% yield. Base hydrolysis of the diethyl ester 1c followed by acidic 
workup provided the diacid 1d in quantitative yield. Refluxing the diacid 1d in toluene 
for 24 h provided the monoacid 1e in quantitative yield. The ethyl ester 1f was 
synthesized from 1e using Me3SiCl and EtOH in 75% yield.
 α-Bromination of 1f using 
LDA, Me3SiCl, followed by NBS provided the α-bromo ethyl ester 1g in 88% yield. 
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Treatment of ethylacetoacetate with NaOEt followed by addition of α-bromo ethyl ester 
provided the diethyl ester 1h. Base hydrolysis of the diethyl ester 1h followed by acidic 
workup provided the monoacid 1i. 
Scheme 6.4  
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Since the yield for the bromide 1b in Scheme 7.4 was too low (~18%), a more efficient 
route to the diethyl ester 1c was designed. Tosylate 1l was synthesized from the alcohol 
1k.
234
 Compound 1k was tosylated using TsCl, Et3N as base and catalytic amount of 
DMAP to yield the tosylate 1l in 78% yield. Nucleophilic substitution of the tosylate 1l 
with diethylmalonate, NaI and NaH gave the diester 1c in 84% yield (Scheme 6.5). 
163 
 
 
Scheme 6.5 
O OH O OTs
1k 1l
1c
TsCl, Et3N, DMAP
0 °C to 25 °C, 3 h, 78%
diethylmalonate, NaH, NaI
THF, NaI, 0 °Cto rt to reflux, 5 h, 84%.
 
 
The rest of the sequence for the synthesis of compound 1 is the same as shown in 
Scheme 6.4. The key step in this synthetic design was the sulfuric acid catalyzed 
oxidative cyclization
235
 of compound 1j. Although I succeeded in synthesizing compound 
1i, but due to the extremely harsh conditions and low yields for the cyclization step, I 
failed to synthesize compound 1. 
6.2.2 Synthesis of a new library of adamantane tethered brominated  
Since the synthetic scheme for compound 1 was either too long or low yielding, a short 
and efficient route for the synthesis of the adamantane tethered brominated furanones 2 
and 3 was designed. The synthesis outlined in Scheme 6.6 provided the brominated 
furanone compounds that were structurally different from the desired compound 1 but 
had features important for activity against bacterial biofouling.
8, 160
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Scheme 6.6
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Compound 2a
234
 and 2b
236
 (Scheme 6.6) were synthesized using slight modifications in 
literature reported procedures.
 
The in-situ generated trimethylsilyl enol ether of 2b 
underwent diastereoselective BF3·Et2O catalyzed Mukaiyama aldol reaction with 
aldehyde 2a to give a mixture of diastereoisomers 2 (Syn aldol : anti aldol = 78:22 from 
1
H NMR).
237
 The mixture of diastereoisomers was subjected to dehydration using 
thiocarbonyldiimidazole and Et3N and only the Z isomer 3 was isolated exclusively after 
column chromatography.
237-238
  
Compounds 4 and 5 can be synthesized using procedures similar to those used for the 
synthesis of compounds 2 and 3. The proposed scheme for the synthesis of compounds 
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4 and 5 is outlined in Scheme 6.7. Compound 4a
239
 was synthesized by bromination of 
2-(5H)-furanone in refluxing CCl4 followed by dehydrobromination (in situ) at rt with 
Et3N. 
Scheme 6.7 
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6.2.3 Cytotoxicity study of the adamantane tethered brominated furanone on E.coli. 
The adamantane tethered brominated furanone compounds 2 and 3 were first tested for 
their effect on the growth of bacterial cells. For this study, E. coli (RP437) was used as 
the model bacterium. The cytotoxicity of furanones 2b and 4a were also evaluated, which 
are synthetic precursors for the compounds 3 and 5 respectively. The synthetic 
brominated furanone compounds 6 and 7 have been reported to be active inhibitors of 
quorum sensing in E. coli and were used as controls in our cytotoxicity assays. The 
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toxicity of all the brominated furanone compounds (2, 2b, 3 and 4a) were evaluated at 
200 µM since furanone 6 is reported to be non-toxic at concentrations close to 200 µM.
160
  
Figure 6.4 shows the growth curves for E. coli at 200 µM of the furanone compounds 
2b, 4a, 2, 3, 6 and 7.  The furanones 2, 2b and 3 were found to be non-toxic to E. coli at 
200 µM. Furanone 6 was found to be slightly toxic at 200 µM while furanone 7 was 
highly toxic to E. coli at 200 µM and completely inhibited growth of the bacterium 
(Figure 7.4). Surprisingly, furanone 4a which is the structurally similar regioisomer of 
furanone 2b, was found to be toxic to E. coli. 
 
 
Figure 6.4 Growth curves for E. coli in presence of 200 µM of the brominated furanones 
2b, 4a, 2, 3, 6 and 7. 
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6.2.4 Inhibition of E. coli biofilm formation using adamantane tethered brominated 
furanones  
The ability of the brominated furanone compounds (2b, 4a, 6 and 7) and adamantane 
tethered brominated furanone compounds (2 and 3) was further evaluated to inhibit 
biofilm formation by E. coli. A modified crystal violet assay
163, 240-241
 was used to 
estimate the amount of biofilm formed by E. coli in the presence of 200 µM of each of 
the furanones tested. Percent inhibition of biofilm inhibition was calculated using the 
measured OD600 values after crystal violet assay.  The equation [1-(AM+B+BF - AM)/( AM+B 
- AM)] × 100 was used for calculating percent inhibition of biofilm formation, where 
AM+B+BF is the OD600 of wells containing media + bacteria + brominated furanones, AM+B 
is the OD600 of wells containing media + bacteria and AM is the OD600 of wells containing 
only media. Both the adamantane tethered brominated furanones 2 and 3 were found to 
be very effective in inhibiting biofilm formation by E. coli and showed 40.42 ± 8.96% 
and 40.89 ± 6.10% inhibition respectively. While the non-toxic compound 2b showed 
similar inhibition (44.56 ± 5.21%) as shown by 2 and 3, the cytotoxic brominated 
furanones 4a, showed a higher ability to inhibit biofilm formation than compounds 2b, 2 
and 3 with a inhibition of 52.13 ± 5.86%. It was worth noting that both the adamantane 
tethered brominated furanone 2 and 3, showed inhibition similar to that shown by 
compound 6 (45.93 ± 9.46%). Compound 7 was found to be the strongest biofilm 
inhibitor with an inhibition of 65.31 ± 6.69% (Figure 6.5). It is the toxicity of compound 
7 towards E.coli which makes it the strongest inhibitor among the library of furanones 
tested. 
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Figure 6.5 Plots for percent inhibition for biofilm formed by E.coli at 200 µM of 
brominated furanones and adamantane tethered brominated furanones. 
6.2.5 Possible mode of action of adamantane tethered brominated furanones 
It is believed that brominated furanones can interfere with both the AI-1 and AI-2 
quorum-sensing circuits.
8
  Givskov and co-workers have shown that the inhibitory effects 
of natural furanones (isolated from Delsea pulchara) on the swarming motility of 
Serratia liquefaciens can be reversed by addition of the bacteriums native AHL, 
demonstrating that furanone compounds are competitive inhibitors of the LuxR-type 
proteins and that furanones bind to the active site of the protein.
242
 Kjelleberg and co-
workers have demonstrated that furanones are able to displace radiolabeled native AHL 
molecule from LuxR,
243
 providing further proof that furanones probably bind to the 
active site of the LuxR-type proteins. Givskov and co-workers have also studied the 
interaction between halogenated furanones and the LuxR protein, but failed to observe 
any interaction between them.
214
 It is highly probable that both natural and synthetic 
169 
 
 
brominated furanones probably interact with proteins, which are part of either AI-1 or AI-
2 based quorum-sensing circuits, but their mode of action is still uncertain. It is possible 
that the adamantane tethered brominated furanones 2 and 3, might be interacting with the 
AI-2 quorum-sensing circuit or the SdiA LuxR-type receptor in E. coli. 
6.3 Conclusions and Perspectives 
The synthesis of two adamantane tethered brominated furanone compounds 2 and 3, 
and the ability of these compounds to inhibit biofilm formation by E. coli RP437 is 
reported. Compound 2 and 3 were found to be non-toxic to E. coli at 200 µM and showed 
40.42 ± 8.96% and 40.89 ± 6.10% inhibition of biofilm formation respectively. The 
percent inhibition values were similar to those shown by furanone 6 (45.93 ± 9.46%) at 
200 µM. Contrary to what is reported in the literature,
160
 the fact that furanone 6 was 
found to be slightly toxic to E. coli, makes compounds 2 and 3 promising candidates for 
inhibiting quorum sensing in E. coli. 
Porous hydrogel materials with pendant βCD groups, which can non-covalently 
encapsulate the synthesized adamantane tethered brominated furanones can be fabricated. 
This porous hydrogel material can be tested for its ability to inhibit the formation of 
biofilm by E. coli or other bacterial species on surfaces.  
It is possible that the adamantane tethered brominated furanones bind to the quorum 
sensing proteins in E. coli. To isolate the protein-furanone complex for structural 
analysis, βCD functionalized columns can be prepared, which can non-covalently 
encapsulate the adamantane tethered brominated furanones.  These non-covalently 
encapsulated brominated furanones can potentially capture and isolate the quorum 
sensing proteins from a medium containing contents of lysed bacterial cells. Hence, the 
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present study lays the foundation for designing a multifunctional interface for studying 
and controlling biofilm formation. 
6.4 Experimental Section 
Synthesis of brominated furanones and adamantane tethered brominated furanones 
O Br
3
5-(Adamantane-1-yl-methoxy)-1-bromo-pentane (1b) 
 Dry Solution of 1a (1.00 g, 6.015 mmol) in DMF (20 mL) was charged with NaH (0.361 
g, 60% by wt in mineral oil, 9.023 mmol) at rt and subsequently stirred for 90 min. A 
solution of 1,5-dibromopentane (5.532 g, 24.06 mmol) in DMF (10 mL) was then added 
to the reaction mixture and the reaction mixture was heated at 90 °C for 1 d. The reaction 
was quenched by adding water and the aqueous phase was extracted with EtOAc. The 
combined organic phase was dried over anhydrous Na2SO4 and the crude product was 
obtained as a yellow oil after evaporation of solvent. The ceude product was purified 
using flash silica gel column (100% Hexane) to get 1b (0.342 g, 18%) as yellow oil after 
evaporation of solvent. Rf = 0.37 (1% EtOAc in Hexane). 
1
H NMR (300 MHz, CDCl3): 
3.45-3.37 (m, 4H), 2.96 (s, 2H, OCH2- adamantane), 1.94 (br s, 3H, 3 × CH adamantane), 
1.90-1.85 (m, 2H, CH2 pentyl), δ 1.74-1.48 (m, 16H, 6 × CH2 adamantane, 2 × CH2 
pentyl). 
13
C NMR (75 MHz, CDCl3): δ 82.2, 71.4, 39.9, 37.5, 34.3, 34.1, 32.9, 28.9, 28.5, 
25.2. HRMS: found 337.1135 [M + Na]
 +
, calcd for [C16H27BrO + Na]
+
 337.1137. 
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  (1c) 
Synthesis starting from 1b: 
Dry solution of diethylmalonate (0.118 g, 0.374 mmol) in DMF (3 mL) was charged with 
NaH (0.0178 g, 60% by wt in mineral oil, 0.449 mmol) at 0
 
°C and the mixture was to 
stirred at rt for 30 min. Next a solution of 1b (0.050 g, 0.375 mmol) in DMF (1.5 mL) 
was added slowly to the reaction mixture and the mixture was stirred at rt for 20 min and 
then refluxed overnight at 80 °C. The reaction was quenched with water and aqueous 
phase was extracted with EtOAc. The organic phase was dried over anhydrous Na2SO4 
and the crude product obtained as colorless oil after evaporation of solvent. The crude 
product was purified using flash silica gel column (0%→30% EtOAc in Hexane) to get 3 
(0.095 g, 64%) as a colorless oil after evaporation of solvent.  
Synthesis starting from 1k: 
Dry solution of diethylmalonate (1.278, 7.980 mmol) in THF (10 mL) was charged with 
NaH (0.307 g, 60% by wt in mineral oil, 7.668 mmol) at 0
 
°C and the mixture was to 
stirred at rt for 30 min. Next a solution of 1k (2.534 g, 6.234 mmol) in THF (25 mL) was 
added slowly to the reaction mixture followed by NaI ( 0.196 g, 1.309 mmol) and the 
mixture was to stirred at rt for 20 min and then refluxed for 5 h. The reaction was 
quenched by adding water and the aqueous phase was extracted with EtOAc. The 
combined organic phase was dried over anhydrous Na2SO4 and the crude product 
obtained as yellow oil after evaporation of solvent. The crude product was purified using 
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flash silica gel column (2%→6% EtOAc in Hexane) to get 1c (2.055 g, 84%) as a 
colorless oil after evaporation of solvent. Rf 0.59 ( 10% EtOAc in Hexane), 
1
H NMR 
(300 MHz, CDCl3): δ 4.16 (q, JH-H = 7.11 Hz, 4H), 3.35-3.26 (m, 3H), 2.92 (s, 2H, 
OCH2- adamantane), 1.93 (br s, 3H, 3 × CH adamantane), 1.89-1.84 (m, 2H, CH2 pentyl), 
1.71-1.49 (m, 16H, 6 × CH2 adamantane, 2 × CH2 pentyl), 1.34 (t, JH-H = 3.5 Hz, 2H, 
CH2, pentyl), 1.24 (t, JH-H = 6.0 Hz, 6H). 
13
C NMR (75 MHz, CDCl3): δ 169.7, 82.1, 
71.6, 61.4, 52.2, 39.9, 37.4, 29.5, 28.9, 28.5, 27.4, 26.0, 14.3. HRMS: found 417.2598 [M 
+ Na]
+
, calcd for [C23H38O5 + Na]
+
 417.2611. 
O
O OH
O
OH
3
 (1d) 
Compound 1c (1.046 g, 2.652 mmol) was suspended in 40 mL solution of 1% NaOH and 
the mixture was refluxed for 24h. Concentrated HCl was added drop wise to the reaction 
mixture while stirring vigorously to acidify the reaction mixture to pH 2.0. The aqueous 
phase was extracted with EtOAc (3 × 100 mL) and the combined organic phase was dried 
over anhydrous Na2SO4 .Compound 1d (0.899 g, quantitative) was obtained as yellow oil 
after evaporation of solvent. 
1
H NMR (300 MHz, CDCl3): δ 10.61 (br s, 2H), 3.41 (m, 
3H), 2.99 (s, 2H, OCH2- adamantane), 1.95 (br s, 5H, 3 × CH adamantane, CH2 pentyl), 
1.72-1.56 (m, 16H, 6 × CH2, 2 × CH2 pentyl), 1.39 (br s, 2H). 
13
C NMR (75 MHz, 
CDCl3): 174.7, 82.1, 71.9, 51.7, 39.8, 37.4, 34.3, 29.3, 28.9, 28.4, 27.3, 25.9. HRMS: 
found 361.1985 [M + Na]
 +
, calcd for [C19H30O5 + Na]
+
  361.1985. 
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  (1e) 
A solution of compound 1d (0.068 g, 0.199 mmol) in toluene (10 mL)  was refluxed for 
24 h. The solvent was evaporated and the residue dried under vacuum to obtain 1e (0.717 
g, quantitative) as pale yellow solid. 
1
H NMR (300 MHz, CDCl3): δ 3.37 (t, JH-H = 6.4 
Hz, 2H), 2.99 (s, 2H, OCH2- adamantane), 2.34 (t, JH-H = 7.4 Hz, 2H), 1.95 (br s, 5H, 3 × 
CH adamantane, CH2 pentyl), 1.73-1.55 (m, 16H, 6 × CH2, 2 × CH2 pentyl), 1.38-1.33 (br 
s, 2H). 
13
C NMR (75 MHz, CDCl3): 179.91, 82.1, 71.7, 39.9, 37.4, 34.3, 29.5, 29.0, 28.5, 
25.9, 24.8. HRMS: found 317.2089 [M + Na]
+
, calcd for [C18H30O3 + Na]
+
  317.2087. 
O
3
O
O
 (1f) 
To a solution of 1e (0.816 g, 2.770 mmol) in EtOH (15 mL) was added (0.692 g, 6.371 
mmol) of TMS-Cl dropwise and the mixture was stirred at rt overnight. The reaction 
mixture was concentrated and the residue loaded directly on a silica gel column 
(0%→10% EtOAc in Hexane) to obtain compound 1f (0.685 g, 77%) was obtained as 
colorless oil after evaporation of solvent. Rf = 0.54 (10 % EtOAc: Hexane). 
1
H NMR 
(300 MHz, CDCl3): δ 4.12 (q, JH-H = 7.1 Hz, 2H), 2.95 (s, 2H, OCH2- adamantane), 2.29 
(t, JH-H = 7.7 Hz, 2H), 1.95 (br s, 5H, 3 × CH adamantane, CH2 pentyl), 1.74-1.55 (m, 
16H, 6 × CH2 adamantane, 2 × CH2 pentyl), 1.37-1.28 (m, 2H), 1.23 (t, JH-H = 6.1 Hz, 
3H). 
13
C NMR (75 MHz, CDCl3): δ 178.04, 82.1, 76.8, 71.8, 39.9, 37.5, 34.6, 34.3, 29.2, 
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28.5, 26.0, 25.2, 14.5. HRMS: found 345.2393 [M + Na]
+
, calcd for  [C20H34O3 + Na]
+ 
 
345.2400. 
O OTs
(1l) 
A dry solution of 1k (0.749 g, 2.967 mmol) in DCM (20 mL) was cooled to 0 °C under 
argon. Triethylamine (0.6 mL, 2.967 mmol) and DMAP (0.025g catalytic) was added to 
the above solution followed by portion wise addition of toluene-4-sulfonylchloride (0.549 
g, 2.878 mmol) over 25 min 0 °C . After stirring for 20 min at 0 °C, the reaction was 
stirred at 25 °C for 3 h. The reaction was diluted with DCM and the organic layer washed 
with water (2 × 25 mL) and 1N HCl (2 × 25 mL). The combined organic phase was dried 
over anhydrous Na2SO4 and the crude product obtained as colorless oil after evaporation 
of solvent. The crude product was purified using flash silica gel column (10% EtOAc in 
Hexane) to obtain 1l (0.921 g, 78.75%) as a yellow oil after evaporation of solvent. Rf = 
0.50 (25% EtOAc in Hexane). 
1
H NMR (300 MHz, CDCl3): δ = 7.77 (d, JH-H = 8.3Hz, 
2H), 7.33 (d, JH-H = 8.53Hz, 2H), 4.02 (t, JH-H = 6.52Hz, 2H), 3.31 (t, JH-H = 6.28Hz, 2H), 
2.90 (s,2H), 2.43 (s,3H), 1.95 (br s, 3H, 3 × CH adamantane), 1.73-1.70 (m, 8H), 1.68-
1.61 (m, 2H), 1.52 ( br d, JH-H = 2.4Hz, 6H), 1.51-1.43 (m, 2H).
 13
C NMR (75 MHz, 
CDCl3): δ 144.8, 133.4, 129.9, 128.0, 82.1, 71.3, 70.7, 39.9, 37.4, 34.2, 29.0, 28.8, 28.4, 
22.3, 21.8.  HRMS: found 429.2060 [M + Na
+
], calcd for [C23H34O4S + Na]
+ 
429.2070. 
175 
 
 
O
O
O
Br
3
(1g) 
n-BuLi (0.21 mL, 1.6 M in Hexane) was added to a solution of N,N-diisopropylamine 
(0.05 mL, 0.341 mmol) in THF (1.5 mL) at 0 °C. The mixture was  stirred at 0 °C for 30 
min. The reaction mixture was then cooled to -78 °C and a solution of 1f (0.100 g, 0.310 
mmol) in THF (2 mL) was added drop wise over 5 min to the above reaction mixture. 
The reaction mixture stirred for the next 30 min and then TMS-Cl (0.07 mL, 0.543 mmol) 
was added drop wise at -78 °C. The reaction mixture was allowed to stir at -78 °C for the 
next 90 min followed by addition of  N-bromosuccinimide (0.058 g, 0.326 mmol) and 
stirred at -78 °C for the next 30 min and then warmed to 0 °C over 3 h. The reaction was 
quenched by adding saturated solution of NH4Cl and the aqueous phase extracted with 
EtOAc. The organic layer was dried over anhydrous Na2SO4 and the crude product was 
obtained as brown oil. The crude product was purified using silica gel column (5% 
EtOAc in Hexane) to obtain 1g (0.110 g, 88%) as yellow oil after evaporation fo solvent. 
Rf = 0.55 (10% EtOAc in Hexane). 
1
H NMR (300 MHz, CDCl3): δ = 4.27-4.19 (m, 3H), 
3.37 (t, JH-H = 9.0 Hz, 2H), 2.95 (s, 2H), 1.96-1.67 (br m, 12H), 1.53 (br s, 10H), 1.31 (t, 
JH-H = 6.0 Hz, 2H).
 13
C NMR (75 MHz, CDCl3): δ 170.0, 82.10, 82.06, 71.44, 62.0, 46.3, 
42.5, 39.9, 37.4, 36.3, 35.0, 34.2, 29.4, 28.5, 27.3, 25.6, 14.1. HRMS: found 423.1498 [M 
+ Na
+
], calcd for [C20H33BrO3 + Na]
+ 
423.1505. 
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O
COOH
O
3
(1i) 
NaOEt (0.015 g, 0.221 mmol) was added to a solution of ethyl acetoacetate (0.03 mL, 
0.211 mmol) in anhydrous EtOH (0.5 mL). The mixture was heated to reflux and then a 
solution of compound 1g (0.085 g, 0.211 mmol) in anhydrous EtOH (2.0 mL) was added 
to the reaction mixture slowly over 30 min. The reaction mixture was refluxed for 2 d, 
solvent was evaporated and the residue dissolved in EtOAc. The organic phase was 
washed with water (10 mL × 2) and the combined organic phase was dried over 
anhydrous Na2SO4. Evaporation of solvent afforded 0.043 g of 1h, which was directly 
used in the next step. 
Compound 1h was suspended in 5.0 mL of 1N NaOH (0.405 mmol) and the reaction 
mixture was refluxed overnight. The reaction mixture was acidified with 1N HCl and the 
aqueous phase was extracted with EtOAc. The combined organic phase was dried over 
anhydrous Na2SO4 and evaporation of solvents yielded 1i as a yellow oil (0.029 g, 
quantitative). Rf = 0.41(80% EtOAc in Hexane). 
1
H NMR (300 MHz, CDCl3): δ = 3.36 
(t, JH-H = 6.45 Hz, 2H), 2.9-2.87 (m, 2H), 2.57-2.47 (m, 1H), 2.17 (s, 3H), 1.95 (br s, 2H), 
1.73-1.62 (br m, 7H), 1.52 (br s, 7H), 1.35 (br m, 4H), 1.26 (s, 2H)
 13
C NMR (75 MHz, 
CDCl3): δ 206.9, 82.1, 71.7, 44.7, 40.0, 37.5, 34.3, 31.8, 30.2, 29.9, 29.55, 29.50, 28.5, 
27.1, 26.2. HRMS: found 373.2355 [M + Na
+
], calcd for [C21H34O4 + Na]
+ 
373.2349. 
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O
CHO
(2a) 
A solution of DMSO (0.430 g, 5.506 mmol) in DCM (2.5 mL) was added drop wise over 
20 min to a solution of oxalyl chloride, (COCl)2 (0.349 g, 2.753 mmol) in DCM (6 mL) at 
-78 ºC. The mixture was stirred for 30 min followed by addition of a  solution of 1k 
(0.632 g, 2.503 mmol) in DCM (6 mL) drop wise over 1 h at -78 ºC. The reaction mixture 
was stirred at -78 ºC for 2 h followed by addition of Et3N (1.266 g, 12.514 mmol) drop 
wise over 15 min at -78 ºC. The reaction mixture was warmed up to rt over 2 h and then 
diluted by adding 5.0 mL of DCM. The organic phase was washed with dilute HCl 
followed by saturated solution of NaHCO3. The aqueous phase extracted with DCM and 
the combined organic phase was dried over anhydrous Na2SO4 .The crude product was 
obtained as yellow oil after evaporation of solvent. The crude product was purified using 
silica gel column (2% EtOAc in Hexane → 5% EtOAc in Hexane) to give the pure 
compound 2a
234
 (0.502 g, 80%) as yellow oil after evaporation of solvent. Rf = 0.52 (20% 
EtOAc in Hexane). 
1
H NMR (300 MHz, CDCl3): δ = 9.77 (t, JH-H = 1.77 Hz, 1H), 3.38 (t, 
JH-H = 6.14 Hz, 2H), 2.96 (s, 2H), 2.46 (dt, JH-H = 7.06 Hz, JH-H = 1.77 Hz, 2H), 1.95 (br 
s, 3H, 3 × CH adamantane), 1.77-1.55 (br m, 16H).
 13
C NMR (75 MHz, CDCl3): δ = 
202.9, 82.2, 71.1, 43.9, 39.9, 37.4, 34.2, 29.2, 28.5, 19.2. HRMS: found 251.2009 [M + 
H
+
], calcd for [C16H27O2]
+ 
251.2006. 
178 
 
 
OO
Br      (2b) 
To a solution of tetronic acid (0.506 g, 5.053 mmol) in DCM (12 mL) and DMF (0.6 mL) 
was added oxalyl bromide (1.309 g, 6.064 mmol) drop wise over 1 h at 0 ºC. The color of 
the solution changed from clear yellow to green during the addition of oxalyl bromide. 
The reaction mixture was stirred at 0 ºC for 1 h and then at rt for 2 h. 10 mL of water was 
added to the reaction mixture and the organic layer was separated. The organic phase was 
washed with saturated solution of NaHCO3 followed by saturated solution of Na2S2O3. 
The aqueous phase extracted with DCM and the combined organic phase was dried over 
anhydrous Na2SO4.The crude product was obtained as a reddish brown solid after 
evaporation of solvent. The crude product was purified using silica gel column (50% 
EtOAc in Hexane) to obtain the pure compound 2b
236
 (0.630 g, 76%) as colorless needle 
shaped crystals after evaporation of solvent. Rf = 0.64 (50% EtOAc in Hexane). 
1
H NMR 
(300 MHz, CDCl3): δ = 6.36-6.34 (m, 1H), 4.87-4.85 (m, 2H).
 13
C NMR (75 MHz, 
CDCl3): δ = 170.9, 146.3, 121.99, 75.1. HRMS: found 162.9386 [M + H
+
], calcd for 
[C4H4O2Br]
+ 
162.9389. 
O
OH
O
O
Br
     (2) 
Step 1: Compound 2b (0.293 g, 1.801 mmol) was dissolved in DCM (7 mL) and to it was 
added TMS-Cl (0.332 g, 3.061 mmol) over 5 min at rt, followed by addition of Et3N 
(0.619 g, 6.123 mmol) over 10 min at rt. The mixture was stirred at rt for 1 h and then 
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solvent was removed under vacuum to yield a light pink solid which was protected under 
argon for later use. 
Step 2: BF3·Et2O (0.256g, 1.801 mmol) was added to a solution of compound 2a (0.451 
g, 1.801 mmol) in DCM (15 mL) over 5 min at -78 ºC. The reaction mixture was stirred 
for the next 5 min at -78 ºC  and then a solution of the crude product from step 1 in DCM 
(8 mL) was added to the reaction mixture drop wise over 30 min at -78 ºC. The reaction 
mixture was stirred at -78 ºC for 2 h followed by addition of 10 mL of PBS buffer (pH 
7.1). The reaction mixture was warmed up to rt and the organic phase was separated. The 
aqueous phase was extracted with DCM and the combined organic phase was dried over 
anhydrous Na2SO4.The crude product was obtained as colorless oil after evaporation of 
solvent. The crude product was purified using silica gel column (10% EtOAc in Hexane 
→ 40% EtOAc in Hexane) to obtain 2 (0.353 g, 53%) as pale yellow solid after 
evaporation of solvent. Rf = 0.28 (30% EtOAc in Hexane). Data for Syn aldol: 
1
H NMR 
(300 MHz, CDCl3): δ = 6.37-6.36 (m, 1H), 4.88-4.86 (m, 1H), 4.09-4.02 (m, 1H), 3.41 (t, 
JH-H = 5.58 HZ, 2H), 2.96 (s, 2H), 1.95 (br s, 3H, 3 × CH adamantane), 1.88-1.51 (br m, 
18H). 
13
C NMR (75 MHz, CDCl3): δ = 170.8, 148.8, 122.9, 87.5, 82.1, 71.5, 69.3, 39.8, 
37.3, 33.8, 29.1, 28.3, 22.9. Data for Anti aldol: 
1
H NMR (300 MHz, CDCl3): δ = 6.37-
6.36 (m, 1H), 5.11-5.09 (m, 1H), 4.09-4.02 (m, 1H), 3.41 (t, JH-H = 5.58 Hz, 2H), 2.95 (s, 
2H), 1.95 (br s, 3H, 3 × CH adamantane), 1.88-1.51 (br m, 18H). 
13
C NMR (75 MHz, 
CDCl3): δ = 170.4, 147.1, 123.3, 88.3, 82.1, 71.5, 69.3, 39.8, 37.3, 34.1, 29.96, 28.3, 
22.7. HRMS: found 411.1158 [M - H], calcd for [C20H28O4Br]
 
411.1165. 
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O
O
O
Br
 (3) 
Thiocarbonyldiimidazole (0.053g, 0.2958 mmol) was added to 2 (0.020g, 0.049 mmol) in 
DCM (2.0 mL) at 0 ºC. The reaction mixture was stirred for 1 h followed by addition of 
Et3N (0.025g, 0.246 mmol) at 0 ºC. The reaction was warmed up to rt and the completion 
of reaction was confirmed by TLC. The reaction mixture was diluted with DCM and a 
dry silica gel slurry of the reaction mixture was directly loaded onto the silica gel column 
(10% EtOAc in Hexane → 15% EtOAc in Hexane). The pure product 3 (0.011g, 57%) 
was obtained as yellow oil after evaporation of solvent. Rf = 0.56 (20% EtOAc in 
Hexane). 
1
H NMR (300 MHz, CDCl3): δ = 6.35 (s, 1H), 5.63 (t, JH-H = 8.03 Hz, 1H), 3.39 
(t, JH-H = 5.99 Hz, 2H), 2.96 (s, 2H), 2.44 (q, JH-H = 7.11 Hz, 2H), 1.96 (br s, 3H, 3 × CH 
adamantane), 1.74-1.52 (br m, 16H). 
13
C NMR (75 MHz, CDCl3): δ = 167.3, 148.5, 
137.2, 119.98, 117.4, 82.2, 71.2, 39.8, 37.3, 34.3, 29.4, 28.5, 26.5, 25.7. HRMS: found 
393.1058 [M - H], calcd for [C20H26O3Br]
 
393.1060. 
OO
Br   (4a) 
A solution of Br2 (1.748 g, 10.935 mmol) in CCl4 (5 mL) was added drop wise to a 
solution of 2-(5H)-furanone (0.599g, 7.124 mmol) in CCl4 (15 mL) over 20 min at rt. The 
reaction mixture was and then refluxed for 2 h, followed by addition of Et3N (1.106 g, 
10.935 mmol) at rt. The reaction mixture was stirred at rt for 2 h, which resulted in the 
formation of a grey precipitate of triethylammonium bromide. The reaction mixture was 
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filtered to remove the grey precipitate of triethylammonium bromide, the precipitate was 
washed with CCl4 and the combined organic phase was washed with water followed by 
dilute HCl and brine. The aqueous phase was extracted with DCM and the combined 
organic phase was dried over anhydrous Na2SO4. The crude product was obtained as dark 
brown oil after evaporation of solvent. The crude product was purified using silica gel 
column (40% EtOAc in Hexane) to obtain the pure product 4a
239
 (0.913g, 77%) as light 
brown solid after evaporation of solvent. Rf = 0.39 (50% EtOAc in Hexane). 
1
H NMR 
(300 MHz, CDCl3): δ = 7.63 (t, JH-H = 1.92 Hz, 1H), 4.86 (d, JH-H = 1.89 Hz, 2H). 
13
C 
NMR (75 MHz, CDCl3): δ = 169.1, 149.5, 113.2, 71.7. HRMS: found 162.9385 [M + 
H
+
], calcd for [C4H4O2Br]
+ 
162.9389. 
Preparation of stock solution of the furanone compounds 
Stock solutions (10 mM) of all the furanones were prepared in autoclaved DMSO and 
stored in sterile vials at -20 °C. The stock solutions were thawed at room temperature 
before use. 
Bacterial culture 
All chemicals for preparing culture medium for bacterial growth were purchased from 
Sigma-Aldrich and Fisher Scientific. The E. coli strain RP437 was provided by Professor 
Dacheng Ren (Department of Chemical and Biomedical Engineering, Syracuse 
University). Overnight cultures of bacteria were grown in Luria-Bertini medium (LB 
medium) containing 10 g/L tryptone, 10 g/L NaCl and 5 g/L yeast extract at 37 °C in a 
standard laboratory incubator shaker while shaking at 220 rpm. Water used for preparing 
the medieum had a resistivity of 18 MΩ cm (Millipore, Billerica, MA). Cyototoxicity and 
182 
 
 
biofilm inhibition assays were performed in sterile, non-treated, costar polystyrene flat 
bottom 96-well multititer plates (corning incorporated, corning, NY). Optical density 
measurements were obtained using Biotek ELx800 (Biotek instruments, Inc, Winooski, 
VT, USA) plate reader using Gen5 data analysis software.  
Cytotoxicity assays 
An overnight bacterial culture was diluted and re-grown to an optical density (OD) of 
0.05, measured at 600 nm (OD600). 200 µL of bacterial culture was added to the 96-well 
plates followed by 4 µL of the furanone stock solutions. The outermost wells of the 96-
well plates were left unused, but filled with 200 µL of sterile autoclaved water. The 96-
well plate was shaken in the incubator shaker at 37 °C and OD600 readings were acquired 
every 0, 2, 4, 6, 8, 10, 12 and 24 h. The plate reader was placed in a sterile laminar flow 
bio-safety level I hood while acquiring the OD600 readings. The OD600 values were 
plotted versus time and the standard deviation in the OD600values was determined over 
six replicates. 
Biofilm inhibition assays 
An overnight bacterial culture was diluted and re-grown to an optical density (OD) of 
0.05, measured at 600 nm. 200 µL of bacterial culture was added to the 96-well plates 
followed by 4 µL of the furanone stock solutions. The outermost wells of the 96-well 
plates were filled with 200 µL of sterile autoclaved water. The 96-well plate was then 
wrapped in saran wrap and placed in a 37 °C incubator for 24 h. After 24 h, the bacterial 
broth was withdrawn from each well of the 96-well plate and the wells were allowed to 
air dry for 30 min. The wells were then rinsed with 200 µL of water once and were dried 
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again for 30 min. 200 µL of 0.1% crystal violet (CV) solution in water was added to each 
well to allow biofilm staining for 30 min. The crystal violet solution was removed and the 
wells were rinsed, three times with 250 µL of water. The plate was air-dried for 30 min, 
before adding 250 µL of 95% ethanol to each well. The plate was again kept at rt for 30 
min and then the contents of each well were mixed gently with a pipette. 100 µL of the 
solution was then transferred to a fresh 96-well plate and OD was measured at 600 nm 
(OD600). Percent inhibition of biofilm inhibition was calculated using the measured OD600 
values after crystal violet assay.  We used equation [1-(AM+B+BF - AM)/( AM+B - AM)] × 
100 for calculating percent inhibition of biofilm formation, where AM+B+BF is the OD600 of 
wells containing media + bacteria + brominated furanones, AM+B is the OD600 of wells 
containing media + bacteria and AM is the OD600 of wells containing only media. The 
standard deviation in the percent inhibition values was determined over six replicates. 
The amount of DMSO used to dissolve the adamantane tethered brominated furanones or 
brominated furanones did not exceed 2% by volume. Narasimhan et al. have reported that 
DMSO up to 3% by volume has no influence on the growth or formation of biofilm by E. 
coli RP437.
88
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Chapter 7 
Squarylated Homoserine Lactones (SHLs) as Structural Mimics of 
Acylated Homoserine Lactones (AHLs) for Inhibiting Biofilm 
Formation by E.coli 
Summary 
This work reports the synthesis of a new library of squarylated homoserine lactones 
(SHLs), which are structural mimics of autionducer-1 (AI-1) based quorum sensing 
signaling molecules called N-acylated homoserine lactones (AHLs). Three alkyl SHLs 
and three aromatic SHLs were synthesized and their ability to inhibit biofilm formation 
by the gram-negative bacterium  Escherichia coli  RP437 was evaluated. None of the 
synthesized SHLs were found to be cytotoxic to E. coli but were able to inhibit biofilm 
formation by the bacterium. The aromatic SHLs in general had a higher ability to inhibit 
biofilm formation than the alkyl SHLs. Two aromatic SHLs in particular exhibited ≥ 50% 
inhibition of biofilm formation at 200 µM. These SHLs are believed to inhibit the LuxR-
type quorum sensing receptor SdiA in E.coli and hence are promising candidates as 
quorum sensing inhibitors for other gram-negative bacteria. 
7.1 Introduction and Goal 
7.1.1 N-acylated homoserine lactone (AHL) based quorum-sensing modulators  
 Gram-negative bacteria commonly use a class of autoinducers (AI) called N-acylated-
L-homoserine lactones (AHLs) or autoinducer-1 (AI-1) for quorum sensing.
87
 The AHLs 
have the core structure shown in Figure 7.1, which comprises of the L-homoserine 
lactone ring, unsubstituted at the β- and γ- position and are N-acylated at the α-position. 
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Although the L-homoserine lactone ring remains the same for all gram-negative bacteria, 
the AHLs differ in having a unique acyl group (Figure 7.1).  
O
O
H
NO
R
O
OH
O
Vibrio fischeri
Vibrio harveyi
Pseudomonas aeruginosa
Pseudomonas aeruginosa
R Groups:
 Core structure of AHL:

 
 
Figure 7.1 Structure of N-acylated-L-homoserine lactones (AHLs) for some common 
gram-negative bacteria. Figure adapted and modified from report  by Bassler and co-
workers.
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The first ever AHL-based quorum-sensing circuit was identified in the marine 
bioluminescent bacterium Vibrio fischeri.
129
 The quorum sensing circuit in V. fischeri 
comprises of the protein called LuxI, which is responsible for the synthesis of the native 
autoinducer signal N-oxohexanoylhomoserine lactone (OHHL) and the protein called 
LuxR, which is the receptor for OHHL.
7, 87, 130
  N-oxohexanoylhomoserine lactone 
(OHHL) is synthesized within the bacterium and can diffuse in and out of the cell freely. 
Although the bacterium synthesizes OHHL throughout its growth, high cell densities are 
required for the concentration of OHHL within the bacterium to become sufficiently high 
to initiate binding of OHHL to its cognate receptor LuxR. Once OHHL binds to LuxR, it 
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initiates a signal transduction pathway, which causes activation of genes responsible for 
luminescence.
87
 Quorum sensing circuits identified in other gram-negative bacteria 
comprise of LuxI-type synthases and LuxR-type receptors and their own unique AHL 
signaling molecules. Quorum sensing initiates a number of processes in bacteria 
including virulence factor production, antibiotic production, biofilm formation, swarming 
motility, bioluminescence, root nodulation, sporulation and conjugation.
131
 
Although quorum sensing is essential for bacterial group behavior, it is not essential for 
survival
208
 and hence inhibiting quorum sensing does not give way to drug-resistant 
mutations commonly associated with antibacterial treatments.
209
 Hence, inhibiting 
quorum sensing is a promising approach for treating bacterial infection since it 
overcomes the problem of bacterial antibiotic resistance. Among the many approaches of 
inhibiting quorum sensing including degradation of the AHLs signal itself
244-245
 or 
inhibition of the LuxI-type protein,
246-247
 the most common approach is to develop 
inhibitors for the LuxR-type receptors.
7, 208
  
Blackwell and co-workers have provided a comprehensive review on the structure 
activity relationship (SAR) for synthetic AHL analogs, spanning a number of bacterial 
species but focusing primarily on the quorum sensing circuits involving the LuxR-type 
proteins of V. fischeri (LuxR), Pseudomonas aeruginosa (LasR and RhlR), 
Agrobacterium tumefaciens (TraR) and Erwinia carotovora (CarR).
7
 Blackwell and co-
workers have also compared the activities of close to 90 AHL analogs across the three 
gram-negative bacteria V. fischeri, P. aeruginosa and A. tumefaciens, to identify AHL 
analogs which can modulate the activity of either one or more than one LuxR-type 
receptor.
159, 248
 It is worth noting that the authors identified few LuxR-type protein 
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agonists than antagonist and that the agonists identified were generally specific for a 
specific LuxR-type receptor. Hence, the authors were able to identify broad-spectrum 
inhibitors for the LuxR-type proteins. Blackwell and co-workers have recently reported 
the synthesis and evaluation of AHL analogs, using small-molecule microarrays and 
identified quorum-sensing inhibitors for V. fischeri and Chromobacterium violaceum.
219
 
Lee, Yoon and co-workers have recently reported the synthesis of AHL analogs against 
the TraR quorum sensing receptor for A. tumefaciens and found that some of the analogs 
were able to inhibit biofilm formation for both A. tumefaciens and the pathogenic bacteria 
P. aeruginosa.
220
 
7.1.2 Quorum sensing modulators based on the squarate moiety 
One of the disadvantages of using non-native AHLs as quorum sensing modulators is 
that the LuxR-type receptors exhibit high specificity for their cognate autoinducers,
249
 
and only slight deviations from the native AHL structure is tolerable without significant 
loss in binding ability.
249-250
 Moreover, the non-native AHLs lack a rigid backbone, 
providing numerous conformational possibilities for computer based modeling studies.
251-
253
 The homoserine lactone moiety is also unstable at basic pH and can undergo 
degradation by mammalian lactonases.
254-256
  
The X-ray crystal structure of a few LuxR-type proteins bound to their natural AHL 
ligands have been reported
213-218
 and such information has been useful in developing 
synthetic analogs of the natural AHLs.
8
 Recently, the X-ray crystal structures of binding 
domains of the LuxR-type receptors with non-native ligands has been reported.
257
 A 
significant portion of the literature pertaining to synthetic quorum sensing modulators 
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deals with non-native AHLs and hence the non-native AHLs still remain the most studied 
class of quorum sensing modulators.
8
 
Narasimhan et al. have recently reported a new class of biofilm inhibitors, based on the 
squarate moiety. They tested six squarylated homoserine lactones (SHLs), four 
squarylated esters and two squarylated amides for their ability to inhibit biofilm 
formation by E. coli RP437.
88
 The biofilm inhibition exhibited by the SHLs was also 
compared to the biofilm inhibition shown by the brominated furanone (12)
8, 160
 (Figure 
7.2). 
Squarylated homoserine lactones (SHLs): 
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Figure 7.2 Structures of the squarate based mimics of N-acylated homoserinelactones 
tested by Narasimhan et al. against biofilm formation by E.coli RP437. Figure adapted 
and modified from PhD dissertation by Sri Kamesh Narasimhan.
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Although E. coli itself does not have an AHL-based quorum sensing circuit, it does 
have a LuxR-type receptor called SdiA,
224-225
 and hence can respond to AHL signals from 
other bacteria and sense synthetic AHL analogs capable of modulating quorum 
sensing.
224-225
 The squarylated homoserine lactones (SHLs) represent a new class 
autoinducer-1 (AI-1) mimics,
7
 which have the potential to inhibit quorum sensing in E. 
coli. The SHLs are similar in structure to the AHLs since they possess the homoserine 
lactone moiety, but are chemically different from the AHLs since they possess the rigid 
and the reactive squarate moiety
258-260
 with an alkyl substituent (Figure 7.3).
88
 The 
squarate moiety provides a rigid backbone to the SHLs, allowing one to vary the alkyl 
group without much loss in conformational rigidity. The two carbonyl groups of the 
squarate moiety are potential hydrogen bond acceptors and can help the SHLs bind to the 
quorum sensing receptor efficiently. The SHLs also lack native amide bonds and have a 
lower tendency to undergo degradation by enzymes.
258-259
 Additionally, the reactive 
squarate moiety enhances the electrophilicity of the SHLs and can help in covalently 
modifying reactive amino acid residues in the active site of the quorum sensing 
receptors.
249, 261
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Figure 7.3 Structural comparison of the Vibrio fischeri N-oxohexanoylhomoserine 
lactone (OHHL) signal and SHL 6.
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Among all the squarate based AHL mimics tested by Narasimhan et al., compound 3 
exhibited the highest percent inhibition of biofilm formation by E. coli RP437 at 200 µM. 
Compound 3 exhibited ~57% inhibition of biofilm formation followed by ~56% 
inhibition shown by the brominated furanone 12 and ~48% shown by compound 6. It is 
worth noting that squarate based AHL mimics tested were generally non-toxic to E.coli 
RP437.
88
 
Here, the synthesis and ability of six new SHLs namely the alkyl SHLs 13, 14, 15 and 
the aromatic SHLs 16, 17 and 18 (Figure 7.4),
**
 to inhibit the biofilm formation by E.coli 
RP437 is reported. An improved and optimized synthesis of the SHLs is also reported. 
7.2 Results and Discussion 
7.2.1 Synthesis of a new library of squarylated homoserine lactones (SHLs) 
Blackwell and co-workers have recently reviewed the structure activity relationship 
(SAR) for a range of non-natural AHL analogs, primarily focusing on the quorum sensing 
circuits involving the LuxR-type proteins of V. fischeri (LuxR), P. aeruginosa (LasR and 
RhlR), A. tumefaciens (TraR) and E. carotovora (CarR).
7
 They concluded that the length 
of the acyl chain was very critical for the activity of non-native AHL analogs and the 
analogs having chain length similar to the native AHLs generally exhibited high activity. 
Additionally, incorporation of aromatic substituent’s in the acyl chain generally yielded 
analogs with inhibitory activity. 
Motivated by the above finding by Blackwell and co-workers
7
 and the recent work 
done by Narasimhan et al.,
88
 a set of new SHLs with alkyl (13, 14 and 15) or aromatic 
                                                 
**
 Sijie Yang synthesized SHLs 15 and 16. Nisha Varghese synthesized SHL 17 and precursor for SHL 18 
(18 b). Department of Chemistry, Syracuse University, Syracuse, NY. 
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(16, 17 and 18) substituent’s (Figure 7.4) were synthesized. The ability of the newly 
synthesized SHLs to inhibit biofilm formation by E. coli RP437 was evaluated and was 
compared to biofilm inhibitory activity of SHL 6
88
 and the brominated furanone 12
160
 at 
200 µM. 
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Figure 7.4 A library of new squarylated homoserine lactones (SHLs) containing alkyl or 
aromatic substituent’s. 
7.2.2 Improved synthesis for the squrylated homoserine lactones 
The general synthetic scheme used by Narasimhan et al. is outlined in Scheme 7.1. 
Briefly, the squarate ester 3,4-dibutoxy-3-cyclobutene-1,2-dione was treated with alkyl 
lithium (RLi) or alkyl magnesium bromide (RMgBr) as the alkylating agent, followed by 
addition of trifluoroacetic anhydride (TFAA). Addition of an aqueous solution of NH4Cl 
followed by work up and purification yielded the intermediate (I).
88, 262
 Reaction of the 
intermediate (I) with (±) α-amino-γ-butyrolactone hydrobromide in tetrahydrofuran 
(THF) or dichloromethane (DCM) as solvent and N,N-diisopropylethylamine (DIPEA) as 
base resulted in the formation of the SHL (II).
88
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Scheme 7.1 
O O
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O O
R O
R= butyl, vinyl, allyl
H3N O
O
1)
Br
DIPEA, THFor DCM
3,4-dibutoxy-3-cyclobutene-1,2-dione
(I) (II)
 
The synthesis of SHL 13 following Scheme 7.1 and using methyl lithium (MeLi) as the 
alkylating agent was first attempted. Although the corresponding intermediate (I) for 
SHL 13 was successfully isolated, the final product could not be isolated even after 
multiple attempts. Hence, a synthetic scheme essentially similar to Scheme 7.1 but now 
employing EtOH as solvent
263
 and triethylamine (TEA) as base was worked out for the 
final step (Scheme 7.2). The crude product was purified by column chromatography and 
then re-precipitated using diethyl ether (Et2O) from a solution of 13 in ethyl acetate 
(EtOAc) or dichloromethane (DCM). 
Scheme 7.2 
O O
O O
1. MeLi, THF, -78 °C to -15 °C
2. TFAA, THF, -15 °C to 0 °C
3. NH4Cl, 0 °C to rt
OO
O
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OH3N
OBr
N
H
O
O
O O
(±) -amino--butyrolactone 
hydrobromide
EtOH, Et3N
-15 °C to 0 °C to rt
13
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The SHL 14 was synthesized employing slight modification in the synthetic design 
outlined in Scheme 7.2. While the intermediate 13b for SHL 13 was synthesized in one-
pot,
262
 the intermediate 14b for SHL 14 was synthesized in two steps.
264
 The synthesis of 
SHL 14 is outlined in Scheme 7.3. Compound 6 was synthesized similarly.  
215 
 
 
 
Scheme 7.3 
O O
O O
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7.2.3 Cytotoxicity studies using squarylated homoserine lactones on E. coli  
The effect of the synthesized alkyl SHLs 6, 13, 14, 15 and aromatic SHLs 16, 17, 18 on 
the growth of E. coli RP437 was evaluated. Since the SHLs synthesized by Narasimhan 
et al.
88
 were shown to be non-toxic to E.coli RP437 at 200 µM, the newly synthesized 
SHL were also tested for cytotoxic effects at 200 µM. All the SHLs tested were found to 
be non-toxic to E. coli RP437 at 200 µM. Since the brominated furanone 12 was shown 
to be toxic to E.coli at 200 µM (chapter 6), 12 was used as a control in this study. 
Interestingly, all the SHL were found to promote the growth of bacteria. Beyond 2 h, the 
optical density (OD600) values at 600 nm for all the SHL in Figure 7.5 were consistently 
higher than the OD600 values in the absence of SHLs. 
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Figure 7.5 Growth for E. coli RP437 in presence of 200 µM of squarylated homoserine 
lactone (SHLs) or brominated furanone.  
7.2.4 Inhibition of E. coli biofilm formation by squarylated homoserine lactones  
The ability of the SHLs to inhibit biofilm formation by E. coli was studied next. A 
modified crystal violet assay
163, 240-241
 was used to estimate the amount of biofilm formed 
by E. coli in the presence of 200 µM of each of the SHLs. Percent inhibition of biofilm 
inhibition was calculated using the OD600 values after crystal violet assay.  The equation 
[1-(AM+B+C - AM)/(AM+B - AM)] × 100 was used for calculating percent inhibition of 
biofilm formation, where AM+B+C is the OD600 of wells containing media + bacteria + 
compounds, AM+B is the OD600 of wells containing media + bacteria and AM is the OD600 
of wells containing only media. All the SHLs tested were found to inhibit biofilm 
formation by E. coli. The SHL 18 exhibited the highest inhibition with a percent 
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inhibition of 55.26 ± 5.66% (Figure 7.6), followed by SHL 17 (52.62 ± 6.05%), SHL 16 
(43.76 ± 7.68%) and SHL 15 (41.51 ± 7.66%). The SHLs 13 and 14 exhibited the lowest 
inhibition of biofilm formation with a percent inhibition of 35.60 ± 10.29% and 33.89 ± 
8.91% respectively.  It was noted that the percent inhibition of biofilm exhibited by SHL 
6 (44.56 ± 4.58%), was similar to that reported by Narasimhan et al.
88
 It is interesting to 
note that although SHL 17 and 18 were non-toxic to E.coli, they still exhibited a higher 
percent inhibition of biofilm formation than that exhibited by the mildly toxic brominated 
furanone 12 (50.30 ± 5.13%). The aromatic SHLs were also found to have a higher 
ability to inhibit biofilm formation when compared to the alkyl SHLs (Figure 7.6). 
 
Figure 7.6 Percent inhibition of biofilm exhibited by the synthesized squarylated 
homoserine lactones (SHLs) and brominated furanone 12 at 200 µM. 
This study shows that the SHLs are promising candidates as novel inhibitors of quorum 
sensing in bacteria. Although the mode of action of these SHLs is not known, the SHLs 
probably bind and inhibit the LuxR-type receptor (SdiA)
224-225
 in E. coli. 
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7.3 Conclusion and Perspectives 
The synthesis of a new library of squarylated homoserine lactones (SHLs), which are 
structural mimics of autionducer-1 (AI-1) based quorum sensing signaling molecules 
called N-acylated homoserine lactones (AHLs) is reported. The synthesized SHLs were 
found to be non-toxic to E.coli RP437 at 200 µM. Although all the SHLs showed 
inhibition of biofilm formation by E.coli at 200 µM, two SHLs in particular 17 and 18, 
exhibited higher percent of inhibition than the mildly toxic brominated furanone 12. 
Among all the SHLs tested, the aromatic SHLs had a higher ability to inhibit biofilm 
formation than the alkyl SHLs. Preliminary investigation (results not included) has 
indicated that the synthesized library of SHLs exhibit no cytotoxicity towards 
mammalian cells (Swiss 3T3 albino fibroblasts) at 200 µM, hence these SHLs are 
promising drug candidates for biofilm related infections. 
The ability of the SHLs to inhibit biofilm formation by other pathogenic bacteria such 
as P. aeruginosa can be further studied. Computer simulated binding of the SHLs to the 
active site of LuxR-type receptors can also help to decipher the mechanism of action of 
these SHLs.  
7.4 Experimental Section 
General information for synthesis of squarylated homoserine lactones (SHLs) 
 The processes involving reactants sensitive to moisture or air were carried out under an 
atmosphere of argon using oven-dried glassware. Reagents and solvents were reagent 
grade and used as supplied unless otherwise mentioned. THF was distilled from sodium 
benzophenone. Solvents were removed under reduced pressure using rotary evaporator 
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below 40 ºC. Silica Gel 60 F254 precoated plates (0.25-mm thickness, EMD) were used 
for TLC and a solution of phosphomolybdic acid/ceric sulfate/sulfuric acid (10g : 1.25 g : 
8% 250 mL), followed by charring at ~ 150 ºC, was used for visualization. Flash column 
chromatography was performed using SILICYCLE, Silica-P Flash Silica Gel with 40-
63μ mesh size.  NMR spectra (1H, 13C) were recorded on 300 MHz or 500 MHz Bruker 
instrument 300. 
1
H chemical shifts are reported in ppm relative to CDCl3 δ 7.26. 
13
C 
chemical shifts are reported relative to CDCl3 δ 77.23, DMSO-d6 δ 39.5 and CD3CN δ 
1.94. High Resolution Mass Spectra (HRMS) or Ligh Resolution Mass Spectra (LRMS) 
samples were analyzed by positive ion electrospray or electron impact. 
Details for the synthesis of squarylated homoserine lactones (SHLs) 
O O
O O
1. MeLi, THF, -78 °C to -15 °C
2. TFAA, THF, -15 °C to 0 °C
3. NH4Cl, 0 °C to rt
OO
O
3,4-dibutoxy-3-cyclobutene-1,2-dione 13b
 
1.6 M MeLi (0.55 mL, 0.884 mmol) in Et2O was added drop wise to a solution of 3,4-
dibutoxy-3-cyclobutene-1,2-dione (0.200 g, 0.884 mmol) in THF ( 10.0 mL) at to -78 °C. 
The reaction mixture was allowed to stir at -78 °C for 30 min and then warmed up to -15 
°C slowly. The reaction mixture was stirred at -15 °C for 2 h followed by addition of 
TFAA (0.15 mL, 1.061 mmol). The progress of the reaction was monitored on TLC till 
no more consumption of starting material was observed. A solution of 10% NH4Cl in 
water was added to the reaction mixture and the aqueous phase was extracted with 
EtOAc. The combined organic potions were dried over anhydrous Na2SO4 and 
evaporation of organic solvents afforded the crude product as yellow oil. The crude 
product was purified using silica gel column (10% EtOAc in Hexanes) to obtain 13b 
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(0.044 g, 35.84%) as a light yellow oil after evaporation of solvent. Rf = 0.52, (30% 
EtOAc in Hexanes). 
1
H NMR (300 MHz, CDCl3): δ 4.72 (t, JH-H = 6.6 Hz, 2H), 2.21 (s, 
3H), 1.85-1.76 (m, 2H), 1.52-1.36 (m, 2H), 0.97 (t, JH-H = 7.35 Hz, 3H).
 13
C NMR (75 
MHz, CDCl3): δ 199.2, 196.2, 193.8, 180.2, 74.5, 31.8, 18.5, 13.6, 9.7. 
OO
O
EtOH, Et3N
-15 °C to 0 °C to rt
OH3N
OBr N
H
O
O
O O
(±) -amino--butyrolactone 
hydrobromide
13b 13
 
A solution of 13b (0.033 g, 0.196 mmol) in EtOH (2.0 mL) was added to a solution of (±) 
α-amino-γ-butyrolactone hydrobromide (0.039 g, 0.216 mmol) in EtOH (2.0 mL) at -15 
°C. The reaction mixture was allowed to stir at -15 °C for 15 min followed by addition of 
Et3N (0.08 mL, 0.059 mmol) drop wise at the same temperature. The reaction was 
monitored on TLC (25% EtOAc in Hexanes and 100 % EtOAc separately). Once 
complete consumption of starting material was observed on TLC, a dry silica gel slurry 
of the crude reaction mixture was prepared and the slurry was loaded on to silica gel 
column and purified (100% EtOAc) to obtain the pure 13 (0.020 g, 52.22%) as viscous 
colorless oil after evaporation of solvent. The viscous oil was dissolved in EtOAc or 
DCM and the product was re-precipitated by addition in Et2O. The mixture was placed in 
-20 °C overnight. The solvent was carefully removed using a glass pipette and the 
remaining precipitate was dried under vacuum to provide 13 as a sticky white solid.   Rf = 
0.20, (100% EtOAc). 
1
H NMR (300 MHz, CDCl3): δ 7.08 (br, s, 1H), 5.08-5.05 (m, 1H), 
4.55-4.36 (m, 2H), 2.51-2.40 (m, 2H), 2.19 (s, 3H). 
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O O
O O
1. EtLi, THF, -78 °C to 0 °C
2. aquous workup
HO O
O O
3,4-dibutoxy-3-cyclobutene-1,2-dione 14a  
To a solution of 3,4-dibutoxy-3-cyclobutene-1,2-dione (0.200 g, 0.884 mmol) in THF 
(6.0 mL) was added 1.7 M EtLi (0.57 mL, 0.972 mmol) at -78 °C and the reaction 
mixture for allowed to stir at -78 °C for 30 min. The progress of the reaction was 
monitored on TLC (20% EtOAc in Hexanes) and another batch of 1.7 M EtLi (0.57 mL, 
0.972 mmol) was added since there was no progress. The reaction was monitored on TLC 
until there no more starting material left. Water was added to the reaction mixture drop 
wise at -78 °C and the reaction mixture was slowly warmed up to rt. The aqueous phase 
was extracted with EtOAc. The combined organic portions were dried over anhydrous 
Na2SO4 and evaporation of organic solvents afforded the crude product as yellow oil. The 
crude product was purified using silica gel column (10% EtOAc in Hexanes → 20% 
EtOAc in Hexanes) to obtain the pure 14a (0.057 g, 25.42%) as yellow oil after 
evaporation of solvent.   Rf = 0.20, (25% EtOAc in Hexanes). 
1
H NMR (300 MHz, 
CDCl3): δ 4.44-4.28 (m, 2H), 4.23-4.18 (m, 2H), 3.22 (br s, 1H), 1.91-1.69 (m, 4H), 1.63-
1.58 (m, 2H), 1.46-1.35 (m, 4H), 0.96-0.88 (m, 9H). 
HCl, DCM, rt
HO O
O O
O
O O
14a 14b
 
To a solution of compound 14a (0.057 g, 0.223 mmol) in DCM (3.0 mL) was added 2 
drops of 12 N HCl at rt.
264
 The reaction mixture was stirred at rt and monitored on TLC 
(25% EtOAc in Hexanes) for complete consumption of starting material. The reaction 
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mixture was diluted with DCM (5.0 mL) and the organic phase was washed with water 
(10.0 mL × 3). The organic phase was dried over anhydrous Na2SO4 and evaporation of 
solvent afforded the crude product as yellow oil. The crude product was purified using 
silica gel column (10% EtOAc in Hexanes → 20% EtOAc in Hexanes) to obtain pure 
14b (0.038 g, 95%) as canary yellow oil after evaporation of solvent. Rf = similar to the 
Rf of 3,4-dibutoxy-3-cyclobutene-1,2-dione (25% EtOAc in Hexanes). 
1
H NMR (300 
MHz, CDCl3): δ 4.71(t, JH-H = 6.57 Hz, 2H), 2.62 (q, JH-H = 7.62 Hz, 2H), 1.83-1.74 (m, 
2H), 1.50-1.38 (m, 2H), 1.25 (t, JH-H = 7.56 Hz, 3H), 0.96 (t, JH-H = 7.32 Hz, 3H). LRMS: 
found 182 [M
+
], calcd for [C10H14O3]
+ 
182. 
O
O
O
EtOH, Et3N
 rt, overnight
OH3N
OBr N
H
O
O
O O
(±) -amino--butyrolactone 
hydrobromide
14b 14
 
To a solution of (±) α-amino-γ-butyrolactone hydrobromide (0.041 g, 0.223 mmol) in 
EtOH (1.0 mL) was added Et3N (0.08 mL, 0.609 mmol). The mixture was stirred for 5 
min followed  by addition of a solution of compound 14b (0.037 g, 0.203 mmol) in EtOH 
(2.0 mL). The progress of the reaction was monitored on TLC (25% EtOAc in Hexanes 
and 80% EtOAc in Hexanes separately). Once TLC indicated complete consumption of 
starting material, a dry silica gel slurry was prepared of the reaction mixture and was 
loaded on to a silica gel column and purified (100% EtOAc) to obtain pure 14 (0.037 g, 
87.86%) as a colorless viscous oil after evaporation of solvent. EtOAc or DCM and the 
product was re-precipitated by addition in Et2O. The mixture was placed in -20 °C 
overnight. The solvent was carefully removed using a glass pipette and the remaining 
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precipitate was dried under vaccum to provide 14 as a sticky white solid. Rf = 0.31, 
(100% EtOAc). 
1
H NMR (300 MHz, CDCl3): δ 7.54 (d, JH-H = 7.89 Hz, 1H), 5.13-5.03 
(m, 1H), 4.49 (t, JH-H = 9.12 Hz, 1H), 4.37-4.10 (m, 1H), 2.84-2.75 (m, 1H), 2.61 (q, JH-H 
= 7.62 Hz, 2H), 2.50-2.43 (m, 1H), 1.25 (t, JH-H = 7.53 Hz, 3H). 
O O
O O
1. nBuLi, THF, -78 °C to 0 °C
2. aquous workup
O
O O
3,4-dibutoxy-3-cyclobutene-1,2-dione
HO
6a  
To a solution of 3,4-dibutoxy-3-cyclobutene-1,2-dione (0.400 g, 1.768 mmol) in THF 
(10.0 mL) was added 2.5 M n-BuLi (0.707 mL, 1.768 mmol) at -78 °C drop wise. The 
reaction mixture gradually turned from colorless to pale yellow during the addition of n-
BuLi. The reaction mixture was stirred at -78 °C for the next 20 min and monitored by 
TLC (20% EtOAc in Hexanes), which confirmed formation of product. TLC after 1 h 
showed little progress hence another batch of 2.5 M n-BuLi (0.884 mmol) was added to 
the reaction mixture at -78 °C. The progress of the reaction was monitored on TLC until 
complete consumption of starting material. Water was added to the reaction mixture drop 
wise at -78 °C and the reaction mixture was slowly warmed up to rt. The aqueous phase 
was extracted with EtOAc. The combined organic portions were dried over anhydrous 
Na2SO4 and evaporation of organic solvents afforded the crude product as yellow oil. The 
crude product was purified using silica gel column (20% EtOac in Hexanes) to afford 
pure 6a (0.324 g, 64.53%) as colorless oil after evaporation of solvent. Rf = 0.23, (20% 
EtOAc). 
1
H NMR (300 MHz, CDCl3): δ 4.45-4.30 (m, 2H), 4.23 (t, JH-H = 6.54 Hz, 2H), 
2.74 (s, 1H), 1.88-1.58 (m, 6H), 1.50-1.25 (m, 8H), 0.99-0.87 (m, 9H).
 13
C NMR (75 
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MHz, CDCl3): δ 187.9, 168.2, 132.8, 86.5, 73.03, 70.7, 32.6, 31.9, 31.6, 27.3, 22.9, 
18.86, 18.76, 14.0, 13.8, 13.7. 
O
O O
HO
HCl, DCM, rt O
O O
6a 6b
 
To a solution of compound 6a (0.304 g, 1.069 mmol) in DCM (7.0 mL) was added 3 
drops of 12 N HCl at rt. The reaction mixture was stirred at rt for 20 min rt. After 20 min 
TLC (20% EtOAc in Hexanes) showed complete consumption of starting material. The 
reaction  mixture was diluted by adding DCM (10 mL) and the organic phase was washed 
with water (10.0 mL × 3). The organic phase was dried over anhydrous Na2SO4 and 
evaporation of solvent afforded the crude product as light brown oil. The crude product 
was purified using silica gel column (15% EtOAc in Hexanes) to afford pure 6b (0.201 g, 
89.23%) as yellow oil after evaporation of solvent. Rf = 0.51, (20% EtOAc). 
1
H NMR 
(300 MHz, CDCl3): δ 4.72 (t, JH-H = 6.60 Hz, 2H), 2.61-2.56 (m, 2H), 1.83-1.70 (m, 2H), 
1.68-1.60 (m, 2H), 1.50-1.38 (m, 4H), 0.98-0.90 (m, 6H). 
13
C NMR (75 MHz, CDCl3): δ 
198.7, 195.6, 194.4, 184.5, 74.4, 31.9, 27.9, 24.8, 22.8, 18.6, 13.6. 
O
O
O
EtOH, Et3N
 0 °C to rt
OH3N
OBr N
H
O
O
O O
(±) -amino--butyrolactone 
hydrobromide
6b 6
 
To a solution of compound 6b (0.105 g, 0.498 mmol) in EtOH (5.0 mL) was added (±) α-
amino-γ-butyrolactone hydrobromide (0.099 g, 0.548 mmol) at 0 °C and to the solution 
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was added Et3N (0.22 mL, 1.495 mmol) drop wise at 0 °C. The progress of the reaction 
was monitored on TLC (20% EtOAc in Hexanes and 70% EtOAc in Hexanes seperately) 
until complete consumption of starting material. A dry silica gel slurry was prepared of 
the reaction mixture and was loaded on to a silica gel column and purified (70% EtOAc 
in Hexanes to 100% EtOAc) to obtain pure 6 (0.084 g, 71.32%) as a colorless viscous oil 
after evaporation of solvent. EtOAc or DCM and the product was re-precipitated by 
addition in Et2O. The mixture was placed in -20 °C overnight. The solvent was carefully 
removed using a glass pipette and the remaining precipitate was dried under vaccum to 
provide 6 as white solid. Rf = 0.20, (70% EtOAc in Hexanes). 
1
H NMR (300 MHz, 
CD3CN): δ 7.01 (br s, 1H), 5.06-4.97 (m, 1H), 4.46-4.25 (m, 2H), 2.74-2.53 (m, 3H), 
2.41-2.30 (m, 1H), 1.68-1.58 (m, 2H), 1.45-1.33 (m, 2H), 0.94 (t, JH-H = 7.20 Hz, 3H).
 13
C 
NMR (75 MHz, CDCl3): δ 192.5, 184.7, 175.8, 174.7, 65.9, 53.1, 31.0, 28.2, 25.2, 23.1, 
13.9. HRMS: found 237.0998 [M
+
], calcd for [C12H15NO4]
+ 
237.0996. 
 
O
O O
EtOH, Et3N
rt
OH3N
OBr N
H
O
O
O O
(±) -amino--butyrolactone 
hydrobromide
18b 18
 
To a solution of (±) α-amino-γ-butyrolactone hydrobromide (0.041 g, 0.225 mmol) in 
EtOH (3.0 mL) was added Et3N (0.09 mL, 0.614 mmol) at rt. The reaction mixture was 
stirred at rt for 10 min followed by addition of 18b (0.050 g, 0.205 mmol). The progress 
of the reaction was monitored on TLC (20% EtOAc in Hexanes and 80% EtOAc in 
Hexanes). The reaction mixture was then stirred overnight at rt. TLC after overnight 
reaction showed complete consumption of starting material. A dry silica gel slurry was 
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prepared of the reaction mixture and was loaded on to a silica gel column and purified 
(80% EtOAc in Hexanes) to obtain pure 18 (0.053 g, 94.77%) as a pale yellow solid after 
evaporation of solvent. The solid was dried, crushed and washed with hexanes (1 mL × 3) 
and then dried under vacuum. Rf = 0.55, (80% EtOAc in Hexanes). 
1
H NMR (300 MHz, 
DMSO-d6): δ 9.28 (br s, 1H), 7.89 (d, JH-H = 7.95 Hz, 2H), 7.39 (d, JH-H = 7.86 Hz, 2H), 
5.33-5.26 (m, 1H), 4.49-4.30 (m, 2H), 2.71-2.63 (m, 1H), 2.43 (br s, 1H), 2.38 (s, 3H). 
13
C NMR (75 MHz, DMSO-d6): δ 192.3, 188.9, 178.9, 174.7, 162.98, 141.4, 129.8, 
126.3, 126.2, 65.5, 52.8, 29.2, 21.3. HRMS: found 271.0836 [M
+
], calcd for 
[C15H13NO4]
+ 
271.0839. 
 
Bacterial culture, cytotoxcity assays and biofilm inhibition assays (same as described in 
chapter 6) 
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Chapter 8 
A Summary on Controlling Biofouling by Surface Engineering and 
Molecular Inhibition 
Introduction 
This dissertation presents two approaches for controlling biofouling caused by protein 
adsorption,
1-2
 mammalian cell adhesion
3-4
 and biofilm formation.
5-6
 First is a surface 
chemist approach involving surface engineering and second is a chemical biologist 
approach involving molecular inhibition of biofilm formation. Biofouling is a complex 
phenomenon and is not well understoodat the molecular level. For example, biofilm 
formation is associated with five stages, which begins with attachment of the planktonic 
bacterial cells on the surface, microcolony formation, secretion of polysaccharides, 
maturation of the biofilm and eventual dispersal of the bacterial cells from the biofilm.
18
 
Bacterial cells within the biofilm are protected from environmental stress and are 
resistant to antibiotics. Hence, one viable approach for treating biofilm-related infections 
is to prevent the formation biofilm in the first place. Biofilm formation can be controlled 
by either fabricating surfaces that can resist the formation of biofilm or by inhibiting the 
process of quorum sensing
87
 that initiates biofilm formation. 
For surface engineering, I have used self-assembled monolayers (SAMs) of ω-
functionalized alkanethiols on gold (Au).
39
 These SAMs have a well-defined structure 
and present chemical functionalities which are resistant towards different biofouling 
events such as protein adsorption, mammalian cell adhesion and biofilm formation. For 
molecular inhibition, I have synthesized organic molecules, which are structural mimics 
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of signaling molecules called autoinducers (AI) that initiate quorum sensing in bacteria. 
Quorum sensing initiates a number of processes in bacteria including biofilm formation,
87
 
hence inhibiting quorum sensing is a viable approach of treating biofilm related bacterial 
infections. Antibiotics generally target vital cellular processes that are important for the 
survival of bacterial cells, as a result, bacteria tend to develop resistance against 
antibiotics over time. It is believed that bacteria are unlikely to develop resistance against 
quorum sensing inhibitors and hence developing quorum-sensing inhibitors can help us 
overcome the problem of bacterial antibiotic resistance.
8
 
Controlling Biofouling by Surface Engineering 
Theories for bioinert surfaces 
A number of theories have been proposed to rationalize why SAMs presening 
oligo(ethylene glycol) (OEG) on gold resists the adsorption of proteins. Whitesides and 
co-workers proposed that SAMs presenting OEG on gold resist the adsorption of proteins 
because protein adsorption on such a surface will be associated with thermodynamically 
unfavorable desolvation and loss of conformational freedom of the OEG chains (steric 
repulsion effect).
28, 70, 118
 But steric repulsion effect is more relevant in case of long 
polymeric chains of ethylene glycol such as poly(ethylene glycol) (PEG) and less 
relevant in case of small polymeric chains of ethylene glycol such as OEG.
265-267
 Hence 
steric repulsion theory alone was insufficient to explain the bioinert properties of SAMs 
presenting OEG. Grunze and co-workers used surface force measurements to discover 
that proteins approaching SAMs presenting OEG on gold (Au) experience a long-range 
repulsive interaction and that this repulsive interaction was completely independent of the 
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steric repulsion effect.
90
 Grunze and co-workers also proposed that this long-range 
repulsive interaction might be a direct consequence of the structured interfacial water 
associated with SAMs presenting OEG on gold (Au).
89, 108
 But there was no experimental 
evidence to suggest if such long-range repulsive interactions were responsible for making 
SAMs other than those presenting OEG bioinert. Hence, a rational explanation for 
resistance of protein adsorption by bioinert SAMs was still lacking at this point.  
Whitesides and co-workers hypothesized that if SAMs present zwitterionic groups, 
such a surface can mimic the surface (or skin) of proteins and can prevent protein 
adsorption since proteins do not come together in solution.
94
 But proteins do aggregate in 
solution and protein aggregation is a major problem faced by the biopharmaceutical 
industry. Hence, the “protein skin” theory had its own share of problems. Whitesides and 
co-workers then proposed a set of properties which bioinert SAMs on gold (Au) should 
possess. They proposed that chemical functionalities presented by bioinert SAMs should 
be polar but neutral in charge, should only possess hydrogen bond acceptors and lack  
hydrogen bond donors.
95
  
The kosmotrope theory 
Franz Hofmeister made an empirical observation, which led to the discovery that 
certain ions referred to as kosmotropes had the ability to salt proteins out of solution  
whereas certain ions referred to as chaotropes had the ability to salt proteins into 
solution.
99
 Kosmotropic ions were also found to preserve the native structure of proteins 
whereas chaotropic ions were found to denature proteins.
98-99
 A similar ability to stabilize 
the native structure biomolecules was also observed in case of small organic compounds 
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called osmolytes. Osmolytes are small organic compounds which are secreted within 
cells of aquatic organisms to combat osmotic stress.
268
 Osmolytes such as trimethylamine 
N-oxide (TMAO), betaine, sarcosine, taurine, octopine and glycerol may be referred to as 
“organic kosmotropes”, whereas protein denaturants such as urea and guanidinium salts 
may be referred to as “organic chaotropes”.  It was discovered that that such organic 
kosmostropes have a tendency to remain preferentially excluded from the vicinity of 
proteins in solution.
98
 Luk
74, 92
 and Kane
96
 independently hypothesized that if organic 
kosmotropes are covalently immobilized on sufaces, such surfaces can in principle resist 
the adsorption of protein since proteins will have a tendency to remain preferentially 
excluded from such a surface.   
Templating a structured interfacial water layer- A key step in making surfaces bioinert 
Self-assembled monolayers (SAMs) presenting OEG on gold (Au) are able to resist the 
adsorption of proteins. Interestingly, SAMs presenting OEG on silver (Ag) are unable to 
resist the adsorption of proteins.
27
 This difference in behavior is due to difference in 
structures of these SAMs on the surface of gold (Au) and silver (Ag). While the SAMs on 
silver (Ag) are upright and are associated with an extended all-trans conformation for 
both the alkanethiolate and OEG chains, the alkanethiolate chains on gold (Au) are tilted 
at an angle of ~30° to the surface normal with an all-trans extended conformation but the 
OEG chains have a helical conformation.
89
 Theoretical calculations conducted by 
Kreuzer and co-workers suggests that due to the helical conformation of the OEG chains 
on gold (Au), the OEG moieties are able to bind water molecules and should be 
associated with  structured interfacial water layer.
108
 Grunze and co-workers 
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hypothesized that this structured interfacial water layer may be responsible for the ability 
of SAMs presenting OEG on gold (Au) to resist the adsorption of proteins.
89
 
Polyol-terminated alkanethiolate SAMs on gold (Au) can template a structured 
interfacial water layer 
Mrksich and co-workers synthesized a polyol-terminated alkanethiol, terminated in the 
polyol with the stereochemistry of D-mannitol.
74
 They hypothesized that such polyol-
terminated alkanethiolate SAMs on gold (Au) can help template a structured interfacial 
water layer by hydrogen bonding water molecules via the terminal hydroxyl groups.
74, 92
 
It is possible that such as structured interfacial water can act as a barrier and make the 
surface invisible to attachment of biological entities such as proteins, bacterial cells, 
mammalian cells and biofilm.  
Self-assembled monolayers (SAMs) presenting D-mannitol are more resistant to 
mammalian cell adhesion than SAMs presenting tri(ethylene glycol) (EG3OH) 
Mammalian cell adhesion on surface is one consequence of protein adsorption on  
surface.
269
 Once proteins adsorb onto a surface, they can present ligands such as the 
tripeptide Arg-Gly-Asp (RGD), which has specific affinity for the cell surface receptor 
integrin. This binding event then initiates a number of processes such as proliferation, 
migration and signaling.
78
  
Studying the resistance towards mammalian cell adhesion is a more stringent test for 
bioinertness of SAMs than studying the resistance towards protein adsorption.
3
 While a 
surface tends to get coated with complete monolayer of protein within minutes, 
mammalian cell adhesion on a surface generally lasts longer (over weeks).  
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Mrksich and co-workers demonstrated that although SAMs presenting D-mannitol on 
gold (Au) had similar ability to resist the adsorption of proteins as compared to SAMs 
presenting tri(ethylene glycol) (EG3OH), but SAMs presenting D-mannitol were more 
resistant towards adhesion of mammalian cells (Swiss 3T3 albino fibroblasts) than SAMs 
presenting EG3OH.
74
 Mrksich and co-workers used microcontact printing
39
 to create 
circular patterns of methyl-terminated SAMs, surrounded by either SAMs presenting D-
mannitol or EG3OH, where the methyl-terminated SAMs were conducive to protein 
adsorption and mammalian cell adhesion. They found that the D-mannitol SAMs were 
able to keep the mammalian cells adhered within the boundaries of the circular patterns 
up to four times longer than EG3OH SAMs.
74
 This method of creating micropatterned 
substrates and conducting mammalian culture provides a quantitative measure of the 
relative bioinertness of SAMs. Hence, the longer a bioinert SAMs can keep the adhered 
mammalian cells confined within the micropatterns, the more bioinert it is. 
Self-assembled monolayers (SAMs) presenting D-mannitol are more resistant to biofilm 
formation than SAMs presenting tri(ethylene glycol) (EG3OH) 
Recently, Ren and co-workers have demonstrated that patterned substrates where D-
mannitol SAMs or EG3OH SAMs surrounded square patterns of methyl-terminated 
SAMs, were able to keep biofilm formed by a red fluorescent strain of E. coli RP437 
confined within the square patterns for long periods. Interestingly, the D-mannitol SAMs 
were again able to keep the attached biofilm confined within the square patterns much 
longer than the EG3OH SAMs.
76
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Influence of the stereochemistry of polyol-terminated alkanethiolate SAMs on gold (Au) 
on their ability to resist biofouling 
Although the D-mannitol SAMs on gold were able to resist adhesion of mammalian 
cells and biofilm formation much longer than EG3OH SAMs, there is no study to 
correlate the stereochemistry of polyol-terminated SAMs to their ability to resist various 
forms of biofouling such as protein adsorption, mammalian cell adhesion and biofilm 
formation.  
Mammalian cell adhesion on a surface is known to be influenced by the 
stereochemistry of the surface. Addadi and co-workers have demonstrated that epithelial 
cells adhere differently on the enantiomeric crystal faces of calcium tartrate tetrahydrate. 
While epithelial cells could adhere on the (R,R) face of the crystal, they were unable to 
adhere on the (S,S) face of the crystal.
84
 Sun and Chi and co-workers have demonstrated 
that immune cells adhere differently on monolayers presenting derivatives of either D-
cysteine or L-cysteine on gold (Au). While the cells had a rounded morphology and were 
fewer in number on the surface presenting the D isomer, the cells were well spread and 
more in number on the surface presenting the L isomer.
85
 
Stereochemical effects during protein adsorption on SAMs presenting chiral polyols 
Motivated by the above findings, I synthesized a set of enantiomeric chiral polyol-
terminated alkanethiols. I synthesized a pair of enantiomeric alditol-terminated 
alkanethiols, terminated in the sugar alcohols D-gulitol and L-gulitol and a pair of 
enantiomeric aldonamide-terminated alkanethiols, terminated in the sugar alcohols D-
mannonamide and L-mannonamide (Chapter 2). I studied the effect of chirality of these 
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polyol SAMs on their ability of resist the adsorption of three proteins namely bovine 
serum albumin (BSA), lysozyme and fibrinogen, which is one of the stickiest proteins 
known. I used the synthesized alkanethiols to form enantiomeric and racemic SAMs on 
the surface of gold (Au). Both the enantiomeric and racemic SAMs were found to resist 
the adsorption of proteins when compared to methyl SAMs. Interestingly, the racemic 
SAMs were able to resist the adsorption of proteins much more efficiently than the 
enantiomeric SAMs.  
Stereochemical effects during mammalian cell adhesion on SAMs presenting chiral 
polyols 
Since I observed a racemic enhancement in the bioinertness of these chiral polyol-
terminated SAMs towards protein adsorption, I next examined the ability of these chiral 
polyol-terminated SAMs to resist the adhesion of mammalian cells (Swiss 3T3 albino 
fibroblasts) (Chapter 3). I created patterned substrates where either enantiomeric or 
racemic SAMs of mannonamide- or gulitol-terminated alkanethiols surrounded circular 
patterns of methyl-terminated SAMs. I found that only racemic mannonamide SAMs 
were able to resist the adhesion of mammalian cells and were able to keep the adhered 
mammalian cells confined within the circular patterns for up to 10 days.  In case of the 
gulitol SAMs, the SAMs presenting D-gulitol were more bioinert as compared to the 
SAMs presenting the enantiomer L-gulitol. While SAMs presenting D-gulitol were able to 
keep the mammalian cells confined within the circular patterns for up to 19 days, L-
gulitol SAMs failed at 13 days. Interestingly, the SAMs presenting the racemic mixture 
of the gulitol-terminated alkanethiols were more resistant to mammalian cell adhesion 
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than SAMs presenting the enantiomers alone. The racemic gulitol SAMs were able to 
keep the adhered mammalian cells confined within the circular patterns for up to 23 days.  
I also observed that SAMs formed by diastereoisomeric aldonamide-terminated 
alkanethiols namely D-gulonamide and D-gluconamide had different ability to resist the 
adhesion of mammalian cells. While SAMs presenting D-gulonamide confined the 
adhered mammalian cells within the circular patterns for up to 2 days, SAMs presenting 
D-gluconamide were able to keep the mammalian cells confined for up to 5 days. 
Although polyol SAMs are hydrophilic in nature, I concluded that hydrophilic surfaces 
in general may not be bioinert. I created patterned substrates where amine-terminated 
SAMs surrounded square patterns of methyl-terminated SAMs. When these patterned 
substrates were presented to mammalian cell culture, the amine SAMs were unable to 
resist the adhesion of mammalian cell. Interestingly, within one day of mammalian cell 
culture, the regions presenting the amine SAMs were completely covered with a 
monolayer of cells while there were very few cells on the region presenting the methyl 
SAMs. Eventually on day 3, the regions presenting both amine and methyl SAMs were 
completely covered by a monolayer of cells. I concluded that although amine SAMs are 
charged and hydrophilic under physiological conditions, amine on surfaces are most 
likely chaotropic in nature and cause extensive protein adsorption and denaturation 
followed by mammalian cell adhesion. The regions presenting the methyl SAMs most 
likely supported a layer of hydrated proteins, which could prevent mammalian cell 
adhesion temporarily. Eventually, the adsorbed proteins on the regions presenting the 
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methyl SAMs might denature completely, expose the RGD groups, and hence allow 
mammalian cell adhesion. 
Stereochemical effects during biofilm formation on SAMs presenting chiral polyols 
 Chapter 4 presents the results on confining biofilm formed by the bacterium 
Escherichia coli within micrometer sized cell adhesive patterns of  methyl-terminated 
SAMs, surrounded by bioinert chiral polyol-terminated SAMs. The biofilm experiments 
were conducted in a flow cell and I used a red fluorescent E. coli strain to monitor the 
formation of biofilm in situ. Interestingly, racemic SAMs of both mannonamide- and 
gulitol-terminated alkanethiols were found to confine the biofilms within the 
micropatterns longer than the SAMs presenting either enantiomer. The racemic polyol 
SAMs were able to keep the biofilms confined within the micropatterns for up to 20 days. 
Hence, a racemic enhancement in the bioinertness of these polyol SAMs was observed 
towards resisting protein adsorption, mammalian cell adhesion and biofilm formation. I 
also discovered that these patterned substrates were able to indentify two phases of 
biofilm formation. During the first phase of biofilm formation (which lasted for about 2 
days) the fluorescent signal was weak on the regions presenting the methyl SAMs but 
was strong on the regions presenting the polyol SAMs. After about 2 days in the first 
phase, the fluorescent signal started to disappear from the regions presenting the polyol 
SAMs but strong fluorescent signal appeared on the regions presenting the methyl SAMs 
and remain confined on these regions for long periods (~ 20 days).  I hypothesize that 
during the first phase of biofilm formation, there is a hydrated layer of adsorbed 
biomolecules or proteins on the regions presenting the methyl SAMs, which makes these 
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regions temporarily bioinert towards attachment of bacterial cells. The polyol SAMs on 
the other hand resist the adsorption of proteins or other biomolecules but allow temporary 
attachment of bacteria, probably via non-specific hydrogen bonding. After about 2 days 
in the first phase, the bacterial cells migrated from the regions presenting the polyol 
SAMs to the circular micropatterns presenting the methyl SAMs and start forming 
biofilm on these micropatterns.  The formed biofilm then remained confined within the 
micropatterns that marked the second phase of biofilm formation on these patterned 
substrates. 
Since we observed a racemic enhancement of bioinertness for both the aldonamide- and 
alditol-terminated alkanethiolate SAMs on gold (Au), I believe that this racemic 
enhancement might be a common feature among SAMs presenting chiral polyol. The 
enantiomeric, racemic and diastereisomeric polyol-terminated SAMs might be associated 
with a different and unique interfacial water structure, which translates into their 
bioinertness and contributes to the chiral discrimination observed during protein 
adsorption, mammalian cell adhesion and biofilm formation. 
Transferring the bioinert properties of polyol SAMs from gold (Au) to native oxides of 
titanium (TiO2)and iron oxide (Fe3O4) 
Chapter 5 presents the synthesis of chiral polyol-terminated alkanephosphonic acids to 
form SAMs on surface of native metal oxides, particularly TiO2 and Fe3O4. Preliminary 
results on the ability of these polyol SAMs on TiO2 to resist the adhesion of mammalian 
cells (Swiss 3T3 albino fibroblasts) were withheld prior to more careful evaluation of the 
TiO2 surface, whereas data were presented on the ability of these polyol SAMs on Fe3O4 
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to solubilize Fe3O4 (magnetite) nanoparticles in aqueous media. I synthesized three chiral 
polyol-terminated alkanephosphonic acids that terminated in the sugar alcohols D-
mannitol, L-mannitol and D-gulitol with the aim of forming alkanephosphonate SAMs on 
TiO2 and Fe3O4. Alkanephosphonic acids are common coatings for surface of native 
metal oxide or alloys such as iron,
44
 steel,
45
 aluminum,
45-46
 copper
45
 and even mica.
48
  
While mammalian cell adhesion is undesirable for certain titanium based medical 
implants such a cardiovascular implants,
190
 it is highly desirable for titanium based bone 
implants for better osseointegration.
191
 The polyol-terminated alkanephosphonic acids 
can be used to form SAMs on the surface of TiO2 to evaluate the ability of the polyol 
SAMs to resist the adhesion of mammalian cells. Titanium is desirable as a material for 
studying tissue biomaterial interaction since titanium is comparatively cheaper than gold 
and combines the light weight of aluminum and strength of steel. The ability to resist 
mammalian cell adhesion on titanium can be extremely beneficial in preventing infection 
and rejection associated with certain titanium based medical implants. Further work to 
characterize the SAM modified TiO2 surface will be necessary prior to interpreting the 
results with polyol SAMs on this important surface. 
I also used the D-gulitol-terminated alkanephosphonic acid to synthesize D-gulitol 
modified magnetite nanoparticles (D-GPA MNPs), to study the solubility and stability of 
these modified nanoparticles in water. The D-gulitol alkanephosphonic acid modified 
magnetite nanoparticles (D-GPA MNPs) were found to be soluble and stable towards 
agglomeration in water as compared to the unmodified magnetite nanoparticles (MNPs). 
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Future work for polyol-terminated alkanethiolate SAMs: 
Although I observed a racemic enhancement of bioinertness for the chiral polyol-
terminated SAMs, it would be interesting to note if combinations other than 1:1 mixtures 
of the enantiomeric polyol-terminated alkanethiols in such SAMs can exhibit an 
enhancement in bioinertness. Here, I would like to acknowledge Professor James 
Kallmerten (PhD defense committee member) for suggesting the use of scalemic 
mixtures of the synthesized polyol-terminated alkanethiols to fabricate SAMs on gold 
(Au) and investigate their resistance to protein adsorption, mammalian cell adhesion and 
biofilm formation relative to both enentiomeric and racemic SAMs. 
Future work for polyol-terminated alkanephosphonate SAM modified magnetite 
nanoparticles: 
Water-soluble magnetite nanoparticles have applications in magnetic resonance 
imaging (MRI), drug delivery and hyperthermia. These water-soluble D-GPA MNPs can 
be functionalized with targeting ligands or antibodies and can have potential application 
in targeted drug delivery and magnetic resonance imaging. Further characterization of the 
D-GPA MNPs using thermo gravimetric analysis (TGA), infrared (IR) analysis can be 
conducted to confirm the presence of the alkenphosphonate SAMs on the surface of these 
nanoparticles. 
Controlling Biofilm Formation by Molecular Inhibition 
Another approach of controlling biofilm formation is to develop inhibitors for a class of 
organic molecules called autoinducers, which are responsible for regulating bacterial 
group behavior such as biofilm formation.
8
 Chapter 6 reports the synthesis of derivatives 
255 
 
 
 
of a class of molecules called brominated furanones, which are known to inhibit biofilm 
formation in E. coli. These brominated furanone compounds are considered structural 
mimics of two classes of signaling molecules, which are associated with quorum sensing 
in gram-negative bacteria such as E. coli. Among the two kinds of signaling molecules, 
one class of signaling molecules are referred to as autoinducer-1 (AI-1) or acylated 
homoserine lactones (AHLs) and the other class of signaling molecules are referred to as 
autoinducer-2 (AI-2) or borate complexes or derivatives of 4,5-dihydroxy-2,3-
pentanedione.
8, 87
  
Immobilizing brominated furanones covalently on surfaces is one viable approach for 
controlling biofilm formation on surfaces
226-227
 But the reported covalent immobilization 
chemistry involves radicals and might cause loss of the active structure of the 
furanones.
160
 Moreover, the brominated furanones need to be internalized within the 
bacterial cells so they can bind and inhibit the quorum sensing proteins. Hence, I 
hypothesize to synthesize adamanatane derivatives of brominated furanones, which can 
be non-covalently encapsulated within porous hydrogel materials containing pendent 
beta-cyclodextrin (βCD) groups.233 This hydrogel material has the potential of being used 
as a general antifouling coat for a wide variety of surfaces. With this aim, I synthesized 
two adamantane tethered brominated furanones and found that the compounds alone 
could inhibit biofilm formation by the bacterium E. coli by up to ~40% at 200 µM. The 
synthesized adamantane tethered brominated furanones were found to be non-toxic to E. 
coli at 200 µM and their biofilm inhibitory activity compared well to the inhibitory 
activity exhibited by brominated furanones reported in the literature.
160
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 Chapter 7 reports the synthesis of a new library of novel squarate based molecules 
named squarylated homoserine lactones (SHLs),
88
 which are structural mimics of the 
bacterial autoinducer molecules called AHLs. The synthesized SHLs were found to be 
non-toxic to E. coli at 200 µM and were able to exhibit inhibition of biofilm formation by 
the bacterium ranging from 30-40%. 
Future work for controlling biofouling by molecular inhibition: 
Hydrogel materials can be fabricated to non-covalently encapsulate the adamantane 
tethered brominated furanones, which can then be tested for their ability to inhibit biofilm 
formation on a model surface such as glass or steel. 
Preliminary investigation (results not included) has indicated that the synthesized 
library of SHLs exhibit no cytotoxicity towards mammalian cells (Swiss 3T3 albino 
fibroblasts) at 200 µM, hence these SHLs are promising drug candidates for biofilm 
related infections. 
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